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cell line U-87 MG: Role of SP-1, AP-1, and NF-kappaB 
consensus sites. 

Lim, Siew Pheng; Garzino-Demo, Alfredo (1) 

(1) Institute of Human Virology, University of Maryland 
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Journal of Virology, 
1632-1640. 
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It has been shown that the human immunodeficiency virus type 1 (HIV-1) 



protein can specifically enhance expression and release 
chemoattractant protein 1 (MCP-1) from human astrocytes. 



we 



of monocyte 
In this study, 



the 



the 



show evidence that Tat-induced MCP-1 expression is mediated at the 
transcriptional level. Transient transfection of an expression construct 
encoding the full-length Tat into the human glioblastoma-astrocytoma cell 
line U-87 MG enhances reporter gene activity from 

cotransfected deletion constructs of the MCP-1 promoter. HIV-1 Tat 
exerts its effect through a minimal construct containing 213 nucleotides 
upstream of the translational start site. Site-directed mutagenesis 
studies indicate that an SP1 site (located between nucleotides -123 and 
-115) is critical for both constitutive and Tat-enhanced expression of 

human MCP-1 promoter, as mutation of this SP1 site significantly 
diminished reporter gene expression in both instances. Gel 
retardation experiments further demonstrate that Tat strongly enhances 



binding of SP1 protein to its DNA element on the MCP-1 promoter. 
Moreover, 

we also observe an increase in the binding activities of transcriptional 



factors API and NF-kq^^B to the MCP-1 promoter follov^fc Tat treatment. 
Mutagenesis studies s^K that an upstream API site anc^^! adjacent 
NF-kappaB site (located at -128 to -122 and -150 to -137, respectively) 
play a role in Tat-mediated transactivation . In contrast, a further 
upstream API site (-156 to -150) does not appear to be crucial for 
promoter activity. We postulate that a Tat-mediated increase in SP1 
binding activities augments the binding of API and NF-kappaB, leading to 
synergistic activation of the MCP-1 promoter. 
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The human immunodeficiency virus type 1 Tat protein 
up-regulates the promoter activity of the beta-chemokine 
monocyte chemoattractant protein 1 in the human 

cell line U-87 MG: Role of SP-1, AP-1, and NF-kappaB 
consensus sites. 

Lim, Siew Pheng; Gar zino-Demo, Alfredo (1) 

(1) Institute of Human Virology, University of Maryland 

Biotechnology Institute, 725 W. Lombard St., Baltimore, 



(Feb., 2000) Vol. 74, No. 4, pp. 



21201-1192 USA 
Journal of Virology, 
1632-1640. 
ISSN: 0022-538X. 
Article 
English 
English 

It has been shown that the human immunodeficiency virus type 1 (HIV-1] 



DOCUMENT TYPE: 
LANGUAGE : 
SUMMARY LANGUAGE: 
AB 
Tat 



protein can specifically enhance expression and release 
chemoattractant protein 1 (MCP-1) from human astrocytes. 



we 



of monocyte 
In this study, 



the 



show evidence that Tat-induced MCP-1 expression is mediated at the 
transcriptional level. Transient transfection of an expression construct 
encoding the full-length Tat into the human glioblastoma-astrocytoma cell 
line U-87 MG enhances reporter gene activity from 

cotransfected deletion constructs of the MCP-1 promoter. HIV-1 Tat 
exerts its effect through a minimal construct containing 213 nucleotides 
upstream of the translational start site. Site-directed mutagenesis 
studies indicate that an SP1 site (located between nucleotides -123 and 
-115) is critical for both constitutive and Tat-enhanced expression of 



human MCP-1 promoter,^^ mutation of this SP1 site sic^fcficantly 

diminished reporter expression in both instances -^Pil 

retardation experiments further demonstrate that Tat strongly enhances 



the 

binding of SP1 protein to its DNA element on the MCP-1 promoter. 
Moreover, 

we also observe an increase in the binding activities of transcriptional 
factors API and NF-kappaB to the MCP-1 promoter following Tat treatment. 
Mutagenesis studies show that an upstream API site and an adjacent 
NF-kappaB site (located at -128 to -122 and -150 to -137, respectively) 
play a role in Tat-mediated transactivation . In contrast, a further 
upstream API site (-156 to -150) does not appear to be crucial for 
promoter activity. We postulate that a Tat-mediated increase in SP1 
binding activities augments the binding of API and NF-kappaB, leading to 
synergistic activation of the MCP-1 promoter. 
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Transcriptional regulation of mouse mu-opioid receptor 
gene . 

Ko, Jane L. (1); Liu, Hsien-Ching; Minnerath, Sharon R. ; 
Loh, Horace H. 

(1) Dep. Pharmacol., Univ. Minnesota Med. Sen., 3-24 9 
Millard Hall, 435 Delaware St. SE, Minneapolis, MN 55455 
USA 

Journal of Biological Chemistry, (Oct. 16, 1998) Vol. 273, 
No. 42, pp. 27678-27685. 
ISSN: 0021-9258. 
Article 
English 

Previously, the existence of dual promoters was reported in mouse 
mu-opioid receptor (mor) gene, with mor transcription in the mouse brain 
predominantly initiated by the proximal promoter. In this study, we 
further analyzed the proximal promoter region, base pairs -450 to -249, 

identify cis-DNA regulatory elements and trans-acting protein factors 



SOURCE 



DOCUMENT TYPE 
LANGUAGE : 
AB 



to 



are important for mor promoter activity. The results revealed that a mor 
inverted GA (iGA) motif and a canonical Spl binding site are required for 
the promoter activity. Using electrophoretic mobility shift analysis, we 
identified nuclear proteins that specifically bind to the mor iGA motif 
and that are immunologically related to Spl and Sp3 . Mutation of the mor 
iGA motif, resulting in a loss of Sp binding, led to a 50% decrease in 
activity. Mutation of the canonical Spl binding site yielded a lesser 
(approximately 25%) loss of activity. Mutation of both motifs together 
resulted in an approximately 70% decrease in activity. In 
cotransfection assays using Drosophila SL2 cells, Spl 

trans-activated the promoter in a manner dependent on the presence of mor 
iGA and canonical Spl binding motifs. Sp3 can also trans-activate the 
promoter, and furthermore, Spl and Sp3 can trans-activate the mor 
promoter 

additively. Our results suggest that combined or cooperative 
interaction of Sp transcription factors within the proximal promoter is 
necessary for activation of mor gene transcription. 
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The c- Jun-induced transformation process involves complex 
regulation of tenascin-C expression. 

Mettouchi A; Cabon F; Montreau N; Dejong V; Vernier P; 
Gherzi R; Mercier G; Binetruy B 

Institut de Recherche sur le Cancer, CNRS UPR9079, 
Villejuif, France. 

MOLECULAR AND CELLULAR BIOLOGY, (1997 Jun) 17 (6) 3202-9. 



PUB. COUNTRY: 
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FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199708 

AB In cooperation with an activated ras oncogene, the 

site-ciependent AP-1 transcription factor c-Jun transforms primary rat 
embryo fibroblasts (REF) . Although signal transduction pathways leading 



to 



and 



activation of c-Jun proteins have been extensively studied, little is 
known about c-Jun cellular targets. We identified c- Jun-upregulated cDNA 
clones homologous to the tenascin-C gene by differential screening of a 
cDNA library from REF. This tightly regulated gene encodes a rare 
extracellular matrix protein involved in cell attachment and migration 



in the control of cell growth. Transient overexpression of c-Jun induced 
tenascin-C expression in primary REF and in FR3T3, an established 
fibroblast cell line. Surprisingly, tenascin-C synthesis was repressed 
after stable transformation by c-Jun compared to that in the 
nontransformed parental cells. As assessed by using the tenascin-C (-220 
to +7 9) promoter fragment cloned in a reporter construct, the 
c-Jun-induced transient activation is mediated by two binding sites: one 
GCN4/AP-l-like site, at position -146, and one NF-kappaB site, at 
position 

-210. Furthermore, as demonstrated by gel shift experiments and 
cotransfections of the reporter plasmid and expression 
vectors encoding the p65 subunit of NF-kappaB and c-Jun, the two 
transcription factors bind and synergistically transactivate the 
tenascin-C promoter. We previously described two other extracellular 
matrix proteins, SPARC and thrombospondin-1 , as c-Jun targets. Thus, our 
results strongly suggest that the regulation of the extracellular matrix 
composition plays a central role in c- Jun-induced transformation. 
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CORPORATE SOURCE: IHF, Institute for Hormone and Fertility Research, 

University of Hamburg, Germany. 
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71-9. 

Journal code: E69. ISSN: 0303-7207. 
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Journal; Article; (JOURNAL ARTICLE) 
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ENTRY MONTH: 199708 
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AB Leukemia inhibitory factor (LIF) is a pleiotropic cytokine implicated in 
various pathological conditions, such as rheumatoid arthritis and 
osteoporosis. Despite its possible importance as a therapeutic target, 
very little is known about the regulation of human LIF. In particular, 



its 



this 



The 



regulation at the promoter level has not been studied so far, and was, 
therefore, the focus of the present work. After showing that Jurkat T 
lymphoma cells can be induced to express endogenous LIF mRNA, we used 

cell line as a model to study the regulation of the human LIF promoter in 
transient transfection assays. For this purpose, a 666 bp fragment of the 
human LIF 5 '-flanking region, amplified from genomic DNA by 
nested polymerase chain reaction (PCR), was used for the construction of 

luciferase reporter plasmid (hLIF666-Luc) . In unstimulated 

Jurkat cells, the human LIF promoter showed low constitutive activity. 



bp 



i.e. 



promoter was induced^^pm stimulation with phorbol est^^ (TPA) . Combined 

stimulation with TPA^ro the calcium ionophore ionomyc^^ resulted in 
strong synergistic induction of luciferase activity from the LIF 
promoter. Transfection experiments with deletion constructs (hLIF27 4-Luc 
and hLIF82-Luc) located the region required for this induction to a 192 

portion of the promoter, which carries two putative c-ets binding sites. 
We then investigated the effect of glucocorticoids and estradiol by 
cotransfecting the respective receptors. Both hormones strongly 
inhibited the stimulation of the LIF promoter by TPA and ionomycin. Since 
LIF is implicated in the pathogenesis of inflammatory and degenerative 
conditions, such as rheumatoid arthritis and osteoporosis, the finding 
that therapeutic agents employed in the treatment of such conditions, 

glucocorticoids and estrogens, can modulate the induction of LIF at the 
transcriptional level, is of particular interest. 
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AUTHOR: Furlong E E; Rein T; Martin F 
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5933-45. 

Journal code: NGY. ISSN: 0270-7306. 
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Journal; Article; (JOURNAL ARTICLE) 
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FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199701 

AB A novel transcription factor binding element in the human p53 gene 

promoter has been characterized. It lies about 100 bp upstream of the 
major reported start site for human p53 gene transcription. On the basis 
of DNase I footprinting studies, electromobility shift assay patterns, 
sequence specificity of binding, the binding pattern of purified 
transcription factors, effects of specific antibodies, and methylation 
interference analysis we have identified the site as a composite element 
which can bind both YY1 and NF1 in an independent and mutually exclusive 
manner. The site is conserved in the human, rat, and mouse p53 promoters. 
The occupancy of the site varies in a tissue-specific manner. It binds 
principally YY1 in nuclear extracts of rat testis and spleen and NF1 in 
extracts of liver and prostate. This may facilitate tissue-specific 
control of p53 gene expression. When HeLa cells were transiently 
transfected with human p53 promoter-chloramphenicol acetyltransf erase 
reporter constructs, a mutation in this composite element which 
disabled YY1 and NF1 binding caused a mean 64% reduction in basal p53 
promoter activity. From mutations which selectively impaired YY1 or NF1 
binding and the overexpression of YY1 or NF1 in HeLa cells we concluded 
that both YY1 and NF1 function as activators when bound to this site. In 
transient cotransfections E1A could induce the activity of the 
p53 promoter to a high level; 12S E1A was threefold as efficient as 13S 
E1A in this activity, and YY1 bound to the composite element was shown to 
mediate 55% of this induction. Overexpressed YY1 was shown to be able to 
synergistically activate the p53 promoter with E1A when not 
specifically bound to DNA. Deletion of an N-terminal domain of E1A, known 
to be required for direct E1A-YY1 interaction and E1A effects mediated 
through transcriptional activator p300, blocked the E1A induction of p53 
promoter activity. 
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;^^lgmann, Ralph 
. Hamburg, 22529 
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DOCUMENT TYPE 
LANGUAGE : 
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We describe 
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of 



ISSN: 0888- 
Article 
English 

a human (h) PRL-producing cell line, SKUT-1B-20, which we 
a subclone of a uterine sarcoma cell line. Although this cell 
line is of uterine origin, it does not use the decidual-specif ic upstream 
promoter of the hPRL gene, but transcribes the hPRL gene from the 
downstream pituitary-type transcription start site, as determined by 
Northern blot, reverse transcriptase-polymerase chain reaction and primer 
extension analyses. This is particularly intriguing because SKUT-1B-20 
cells lack the transcription factor Pit-1. No Pit-1 messenger RNA was 
detectable by reverse transcriptase-polymerase chain reaction, and 
endogenous Pit-1 target genes (GH, PRL, and Pit-1) were refractory to 
transfected Pit-1 expression vector, whereas in cotransfection 
experiments, Pit-1 efficiently activated reporter gene fusion 
constructs carrying 5 1 -flanking sequences of the human and rat PRL or the 
mouse Pit-1 genes. By transfecting reporter genes containing 8.7 
kilobases of DNA flanking the hPRL pituitary-specific start site 
(hPRL-8700/Luc) and deletions thereof, we located a Pit-l-independent 
cis-active region more than 7 kilobases upstream of the start site. The 
most distal 1650 or 880 base pairs of the hPRL genomic fragment (which 
extends to -8784 base pairs), when placed directly upstream of the 
homologous hPRL or the heterologous thymidine kinase promoters, conferred 
transcriptional activation to those promoters. SKUT-1B-20 cell-specific 
activation of hPRL-8700/Luc could not be suppressed by the introduction 

an inhibitor of protein kinase A (PKA), PKI . This is the first 
demonstration of pituitary-type PRL gene transcription independent of 
Pit-1 and activation of the PKA pathway. The SKUT-1B-20 cell line was 

then 

used in reconstitution experiments to delineate the role of Pit-1 in 
modulating the transcriptional effects of phorbol ester, PKA, and 
estrogen 

receptor (ER) on the hPRL gene. The low response of hPRL/lucif erase 
fusion 

genes to phorbol ester was greatly enhanced by cotransf ected 

Pit-1 and was mediated by the proximal region between -250 and -38. The 

catalytic subunit of PKA, C-beta, was able to elicit a moderate induction 

of hPRL-8700/Luc even in the absence of Pit-1; the response was strongly 

amplified by coexpression of Pit-1. A potential estrogen response 

element has been located in the hPRL gene sequence at a position similar 

to that of the estrogen response element of the rat PRL gene immediately 

adjacent to the distal enhancer. In striking contrast to the dramatic 

cooperative action of ER and Pit-1 on the rat PRL gene, which has 

been reported previously and was also supported by SKUT-1B-20 cells, no 

such response was obtained with hPRL gene constructs. Liganded ER caused 

a 

mere 2-fold induction of reporter gene activity regardless of 
the absence or presence of Pit-1. This demonstration of a functional 
dissimilarity between rat and hPRL gene regulatory regions is congruous 
with the different roles of estrogen in lactotrope control in the two 
species . 
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Journal; Article; (JOURNAL ARTICLE) 
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AB Several lines of evidence are compatible with the hypothesis that 

Epstein-Barr virus (EBV) nuclear antigen 2 (EBNA-2) or leader protein 
(EBNA-LP) affects expression of the EBV latent infection membrane protein 
LMP1. We now demonstrate the following, (i) Acute transfection and 
expression of EBNA-2 under control of simian virus 40 or Moloney murine 
leukemia virus promoters resulted in increased LMP1 expression in 
P3HR-l-inf ected Burkitt f s lymphoma cells and the P3HR-1 or Daudi cell 
line, (ii) Transfection and expression of EBNA-LP alone had no effect on 
LMP1 expression and did not act synergistically with EBNA-2 to 
affect LMP1 expression, (iii) LMP1 expression in Daudi and 

P3HR-l-infected 

cells was controlled at the mRNA level, and EBNA-2 expression in Daudi 
cells increased LMP1 mRNA. (iv) No other EBV genes were required for 
EBNA-2 transactivation of LMP1 since cotransfection of 
recombinant EBNA-2 expression vectors and genomic LMP1 DNA fragments 
enhanced LMP1 expression in the EBV-negative B-lymphoma cell lines BJAB, 
Louckes, and BL30. (v) An EBNA-2-responsive element was found within the 
-512 to +40 LMP1 DNA since this DNA linked to a chloramphenicol 
acetyltransf erase reporter gene was transactivated by 
cotransfection with an EBNA-2 expression vector, (vi) The EBV type 
2 EBNA-2 transactivated LMP1 as well as the EBV type 1 EBNA-2. (vii) Two 
deletions within the EBNA-2 gene which rendered EBV transformation 
incompetent did not transactivate LMP1, whereas a 
transformation-competent 

EBNA-2 deletion mutant did transactivate LMP1 . LMP1 is a potent effector 
of B-lymphocyte activation and can act synergistically with 
EBNA-2 to induce cellular CD23 gene expression. Thus, EBNA-2 
transactivation of LMP1 amplifies the biological impact of 
EBNA-2 and underscores its central role in EBV-induced growth 
transformation . 
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Rapid ^Wibody responses by low-dose, s^J^Le-step, 

dendritic cell-targeted immunization. 
Wang H; Griffiths M N; Burton D R; Ghazal P 
Department of Immunology, Division of Virology, 
Research Institute, La Jolla, CA 92037, USA. 
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We have compared the kinetics of antibody responses in conventional and 
dendritic cell-targeted immunization by using a model antigen in mice. 
Targeting was achieved by linking the reporter antigen 

(polyclonal goat anti-hamster antibody) to N418, a hamster mAb that binds 
to the CDllc molecule on the surface of murine dendritic cells. 
Intradermal injection of submicrogram quantities of goat anti-hamster 
antibody complexed to mAb N418 elicited goat antibody-specific serum IgG 
in mice. Antigen-specific IgG titers were detectable by day 5, with 
titers 

that ranged from 1:1000 to 1:100,000 by day 7. In contrast, when the goat 
antigen was injected alone or in the presence of a hamster antibody 
control to form nontargeted complexes, goat-specific serum IgG was 
undetectable at day 7. Additional control experiments showed that the 
interaction between the model antigen and mAb N418 is required for 
amplification of the serum antibody response. These studies 
demonstrate that a single-step, f acilitated-delivery of small amounts of 
protein antigen to dendritic cells in vivo can give very rapid and high 
antibody responses. The approach may be particularly useful for 
vaccination immediately before or just after exposure to a pathogen and 
may enhance the utility of subunit antigens as immunogens. 
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Concerted expression of BK virus large T- and small 
t-antigens strongly enhances oestrogen receptor-mediated 
transcription . 

Moens U; Van Ghelue M; Johansen B; Seternes 0 M 
Department of Gene Biology, Institute of Medical Biology, 
University of Tromso, Norway., ugom@fagmed.uit.no 
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Previous studies have shown that the human polyomavirus BK (BKV) genome 
contains an oestrogen response element (ERE) . This isolated element binds 
its cognate receptor in vitro and can mediate 17beta-oestradiol-induced 
gene expression when linked to a heterologous promoter. The roles of the 
ERE- and the AP-l-binding sites in oestrogen receptor-directed 
transcription from the complete BKV promoter/enhancer (Dunlop strain) 

been examined and the effects of the general co-activator CBP and large 

and small t-antigens on oestrogen receptor-mediated transcription have 
been investigated. A constitutive activated oestrogen receptor stimulated 
BKV promoter activity in HeLa cells. Mutations in either the ERE- or the 
AP-l-binding sites did not impair oestrogen receptor-induced activation 
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the BKV Dunlop promolj^^ while mutations in both bindi^^ motifs almost 

completely abolished ^Ktrogen receptor-induced transc^Jption . 

Simultaneous expression of large T- and small t-antigens strongly 
activated oestrogen receptor-mediated transcription. When expressed 
separately, only large T-antigen moderately stimulated oestrogen 
receptor-mediated transcription. The stimulatory effect of large 
T-antigen 

on the activity of the oestrogen receptor is probably indirect because no 
physical interaction between the two prpteins was detected in a 
two-hybrid 

assay. Large T-antigen abrogated the synergistic effect on 
transcription between this nuclear receptor and the general co-activator 
CBP. The findings that the BKV early proteins amplify oestrogen 
receptor-mediated transcription may have important biological 
implications 

in individuals with raised oestrogen concentrations. 
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AB Insulin-like growth factor I (IGF-I) and the gonadotropin, FSH, can 
synergize to stimulate progesterone production in primary cultures 
of maturing granulosa cells. These trophic hormones increase low density 
lipoprotein (LDL) receptor binding and internalization, and the 
utilization of LDL-borne cholesterol by granulosa cells. To determine 
whether and how IGF-I and FSH control the genomic expression of the LDL 
receptor, we evaluated their individual and concerted effects on LDL 
receptor messenger RNA (mRNA) accumulation, stability, and gene promoter 
activity in first passage monolayer (serum-free) cultures of porcine 
granulosa cells. Ribonuclease protection assays revealed that LDL 

receptor 

mRNA accumulation was increased by human recombinant IGF-I (100 ng/ml), 
FSH (25 ng/ml NIDDK oFSH-20) , or their combination by 2.2-, 2.6-, and 
4.6-fold, respectively (P < 0.01). Hormonally stimulated LDL receptor 



mRNA 



accumulation was suppressed by 54-75% by the concurrent addition of LDL 
substrate (50 microg/ml) . The combination of FSH and IGF-I significantly 
prolonged the message half-life, even in the presence of LDL. Using a 
combination of rapid amplification of cDNA 5' -ends, PGR with 
adapter-ligated genomic DNA, Southern hybridization, and DNA sequencing, 
we isolated 1076 bp of the porcine LDL receptor gene upstream of the 
coding region. In transient transfection assays, with a 
pLDLR1076/luciferase plasmid construct, FSH, FSH plus IGF-I, or 
8-bromo-cAMP (1 mM) treatment (but not IGF-I alone) increased luciferase 
reporter gene activity by 10- to 23-fold in porcine granulosa 
cells. Over time in serum-free culture, the basal activity of the LDL 
receptor gene promoter increased and eventually surpassed 



ts, but was suppressed by LDL ^Mpstrate (by 75%) 



and 



hormone-stimulated ei 

at 24 h. The f oregoin^^timulatory hormone effects anJ^terol repression 
were localized to a 116-bp region in the porcine promoter between -255 



-139 upstream of the translational start site. We conclude that the 
combination of FSH and IGF-I can induce accumulation of LDL receptor mRNA 
in cultured granulosa cells even in the presence of sterol negative 
feedback and can do so mechanistically by a combination of promoter 
activation and increased mRNA stability. 
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The impact of simultaneous environmental stresses on plants and how they 
respond to combined stresses compared with single stresses is largely 
unclear. By using a transgene (RD29A-LUC) consisting of the firefly 
luciferase coding sequence (LUC) driven by the stress-responsive RD29A 
promoter, we investigated the interactive effects of temperature, osmotic 
stress, and the phytohormone abscisic acid (ABA) in the regulation of 

expression in Arabidopsis seedlings. Results indicated that both positive 
and negative interactions exist among the studied stress factors in 
regulating gene expression. At a normal growth temperature (22 degrees 

osmotic stress and ABA act synergistically to induce the 
transgene expression. Low temperature inhibits the response to osmotic 
stress or to combined treatment of osmotic stress and ABA, whereas low 
temperature and ABA treatments are additive in inducing transgene 
expression. Although high temperature alone does not activate the 
transgene, it significantly amplifies the effects of ABA and 
osmotic stress. The effect of multiple stresses in the regulation of 
RD29A-LUC expression in signal transduction mutants was also studied. The 
results are discussed in the context of cold and osmotic stress signal 
transduction pathways. 
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elements located at either the 5 1 - or 3 1 -untranslated 



region (UTR) of the G^BjL glucose transporter mRNA incj^^e the 
expression 

of lucif erase reporter genes. The aim of the present study was 

to investigate the possible cooperative effects of 5 f - and 

3'-UTRs of the GLUT1 mRNA on the expression of a lucif erase 

reporter gene in cultured brain endothelial cells. Lucif erase 

reporter genes containing control elements in nucleotides (nt) 

1-171 of GLUT1 5' -UTR, or nt 2100-2300 of GLUT1 3' -UTR produced a 10- and 

6-fold increase in the expression of the luciferase reporter 

gene compared to the control vector containing no GLUT1 regulatory 

sequences, respectively. The insertion of both GLUT1 mRNA cis-regulatory 

elements increased 59-fold the activity of luciferase compared to 

controls. Data presented here demonstrate that cis-regulatory elements 

located at both the 5 f - and 3' -UTR of GLUT1 mRNA increase expression of a 

reporter gene in an independent manner. Copyright 1999 Elsevier 

Science B.V. 
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Exposure of mesangial cells to superoxide, generated by the 
hypoxanthine/xanthine oxidase system or by the redox cycler 
2, 3-dimethoxy-l, 4 -naphthoquinone caused a concentration-dependent 
amplification of interleukin { IL) -lbeta-stimulated nitrite 
production. The effect of superoxide was accompanied by an increase in 
inducible nitric oxide synthase (iNOS) protein and iNOS mRNA levels. 
Incubation of mesangial cells with superoxide alone did not induce iNOS 
expression. To elucidate whether the increase of iNOS expression is due 

transcriptional upregulation we fused a 4.5-kb genomic iNOS fragment that 
contains the transcriptional start site of the rat iNOS gene to a 
luciferase reporter gene. In transient transfection studies, 
superoxide caused a 10-fold augmentation of iNOS promoter activity in 
IL-lbeta-challenged mesangial cells. Our data identify superoxide as a 
co-stimulatory factor amplifying cytokine-induced iNOS gene 
expression and subsequent nitric oxide (NO) synthesis. 
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Overexpression of adenovirus-encoded transgenes from the 
cytomegalovirus immediate early promoter in irradiated 
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AB Efficient expression^^ therapeutic genes in irradiat|^fctumor cells would 
facilitate the conve^BKm of a malignant tumor nodule ^Jco a cancer 
vaccine in situ. We reported previously that transgene expression from an 
adenoviral vector could be markedly enhanced by treating transduced tumor 
cells with butyrate. In this study, we demonstrated that a similar 
butyrate effect could be achieved in irradiated tumor cells. In addition, 
irradiating cells at doses of 2-40 Gy prior to transduction could also 
amplify recombinant adenoviral transgene products in a 

cell-type-specific manner. This suggests that adenovirus-mediated gene 
therapy, radiation therapy, and butyrate-mediated cancer therapy may 
potentially be formulated into one synergistic protocol for 
cancer treatment. 
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AB The proliferative and transforming properties of m2 and m5 muscarinic 

acetylcholine receptors and a series of wild-type, chimeric, and mutant G 
proteins were measured alone or in combination in NIH 3T3 cells to 
determine which G proteins mediate these signals and to what extent these 
signals can be influenced by changing the stoichiometry of receptors and 

G 

proteins. Responses were measured using the focus-forming assay and a 
novel assay called R-SAT (Receptor Selection and Amplification 
Technology) in which proliferative responses are monitored using a 
reporter gene. Individually, GTPase-def icient mutants (*) of G 
alpha q and G alpha 12, wild-type G alpha q, and m5 were active in R-SAT. 
G alpha 12* and m5 also induced focus formation. m2 was inactive in both 
assays. The ability of m5 to induce foci was significantly reduced by 
coexpression of G alpha q* . Synergistic effects of receptor/ G 
protein combinations were not observed in focus-forming assays but were 
readily detected by R-SAT. Coexpression of G alpha q with m5 induced 
constitutive activity in R-SAT and increased the potency of agonists at 



m5 

and 
alpha 



by 90-fold. G alpha q also evoked agonist-dependent responses from m2 but 
not constitutive activity. Agonist potency was increased 10-fold at m2 

decreased 15-fold at m5 when these receptors were coexpressed with G 



qi5, a chimeric G protein containing the five C-terminal residues of G 
alpha i2, compared with coexpression with G alpha q. Both G alpha q and G 
alpha qi5 had biphasic effects on the proliferative responses to m5 and 
m2, respectively, inhibiting responses at high agonist concentrations. 
Coexpression of G alpha 12 or G alpha 12i5 had no effect on the 
concentration-response relationships of m5, but both elicited weak 
responses from m2 . We conclude that although G alpha 12 is a more potent 
oncogene, G alpha q transduces m5-driven cellular responses. The 
demonstrations that proliferative responses can be elicited from a 
nonmitogenic receptor by altering the type and concentration of available 
G proteins and that constitutive responses can be induced by G proteins 
imply that both the magnitude and type of receptor-initiated signal can 

be 



regulated at the leve^^f G proteins in vivo 
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AB One of the primary endocrine hormones that influence the onset of Sertoli 
cell differentiation at puberty and help maintain differentiation in the 
adult testis is FSH. FSH can modulate the majority of Sertoli cell 
differentiated functions, including stimulation of the iron-binding 
protein transferrin. Previous studies have shown that FSH alters the 
levels of cAMP and the immediate early gene c-fos. The current study was 
designed to investigate the transcriptional regulation of Sertoli cell 
differentiation by examining the actions of FSH on the promoter of the 
immediate early gene c-fos and the promoter of the downstream 
differentiated function gene transferrin. The regulation of c-fos by FSH 
was investigated with various chloramphenicol acetyltransf erase (CAT) 
constructs containing segments of the c-fos promoter, such as the serum 
response element (SRE) , cAMP response element (CRE) , and APl/phorbol 
ester/TPA response element (TRE) , that were transfected into cultured 
Sertoli cells. Observations indicate that FSH can stimulate all three 
response elements, as well as a whole c-fos promoter construct. 
Interestingly, FSH was found to have a more dramatic effect on the 

SRE-CAT 

than a cAMP analog, suggesting a difference in the actions of the two 
agents. Gel mobility shift assays were performed to confirm the 
reporter gene results. Nuclear extracts of FSH-stimulated Sertoli 
cells caused a labeled API oligonucleotide to form a DNA/protein complex 
(i.e., gel shift), indicating activation of the c-fos gene and binding of 
the c-fos/ jun complex. Nuclear extracts from both FSH- and 

cAMP-stimulated 

Sertoli cells promoted similar gel shifts with SRE and CRE 
oligonucleotides. This observation supports the reporter gene 
data in indicating that FSH can influence both the SRE and CRE. A gel 
mobility shift assay was also performed with an oligonucleotide 

containing 

the 5 '-flanking ETS domain of the SRE (ETS-SRE) that allows the formation 
of a ternary complex.- FSH-stimulated Sertoli cell nuclear extracts were 
found to promote a unique ETS-SRE gel shift not present in 
cAMP-stimulated 

cells. The observations imply that FSH actions on the SRE are in part 
distinct from the actions of cAMP. Transferrin gene expression was 
examined to study the downstream regulation of Sertoli cell 
differentiation. CAT constructs containing deletion mutants of a 3-kb 
mouse transferrin promoter were used. When transfected into Sertoli 
cells, 

the 581-bp transferrin minimal promoter, previously shown to contain a 
CRE, had a significant response to cAMP and FSH. The 1.6-, 2.6-, and 3-kg 
transferrin promoter constructs also responded to FSH and cAMP to the 



same 



extent as, or to a lesser extent than, the 581-bp minimal promoter. 
Interestingly, the actions of FSH on the 581-bp minimal transferrin 
promoter were more dramatic than those of cAMP. The importance of 
FSH-induced c-fos in the regulation of transferrin expression was 
demonstrated in the current study when a c-fos antisense oligonucleotide 
was found to partially inhibit (50%) the ability of FSH to induce the 



expression of a tran^^^rin promoter (CAT) construct. J^refore, FSH 
appears to act througWKultiple transcriptional actival^^n pathways. The 
first involves cAMP and the CRE at both early-event genes (e.g., c-fos) 
and downstream genes (e.g., transferrin). It is likely that other 
pathways 

involve alternate signal transduction events (e.g., calcium mobilization) 
and promoter response -elements (e.g., SRE) . These multiple pathways may 
act in a compensatory manner to assure the ability of FSH to influence 
Sertoli cell differentiation and/or in a synergistic manner to 
amplify FSH actions. 
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AB Protein-DNA interactions in the proximal region of an Arabidopsis H4 

histone gene promoter were analyzed by DMS in vivo footprinting combined 
with LMPCR amplification. Interactions were identified over six 
particular sequence motifs, five of which were previously shown to bind 
proteins in maize histone H3 and H4 promoters and are commonly found in 
the corresponding regions of other plant histone gene promoters. These 
motifs are located within a 126 bp fragment which was previously shown to 
confer preferential expression in meristems of transgenic plants. The 
contribution of each cis-element to the overall expression level and 
specificity was investigated by testing individual or combined mutations 
in transgenic Arabidopsis plants. All five motifs behaved as positive 
cis-elements of unequal strength. The GCCAAT-like sequence GCCACT behaved 
as a strong positive cis-element but had no influence on the specificity. 
In contrast, the nonamer AGATCGACG and to a lesser extent the closely 
linked hexamer CCGTCG proved to be essential for meristem-specif ic 
expression. Involvement of the highly conserved histone-specif ic octamer 
CGCGGATC in specific expression was revealed at some stages of meristem 
development. Importance of these three cis-elements, nonamer, hexamer, 



octamer, was further confirmed by the fact that combining mutations of 

of them either abolished the promoter activity or completely modified the 
promoter specificity. Mutation of the fifth cis-element, a degenerate 



and 
two 

copy 

of the octamer, little perturbed the promoter function. However 
disruption 

of both octamers had a dramatic negative effect, thus suggesting that the 
two copies cooperate to achieve maximal function in the 
wild-type promoter, possibly by mobilizing the proliferation-specific 
factors binding to the nonamer and CCGTCG cis-elements. 
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AB Previous studies suggested that individual components of the activator 

protein 1 (AP-1) complex behave in a highly idiosyncratic fashion at the 
level of the human atrial natriuretic peptide (ANP) gene promoter. ANP 
gene transcription is activated by c-jun and is generally suppressed by 
c-fos. In the present study, fra-1, a close relative of the c-fos gene 
product in terms of its structure and functional activity, behaved like 
fos in cardiac atriocytes, effecting an approximately 50% reduction in 
c- jun-activatable expression of a human ANP chloramphenicol 
acetyltransferase (CAT) reporter. In cardiac ventriculocytes, 
however, fra-1 effected a synergistic amplification of 
the c-jun response (a 2.5-fold increase over c-jun alone). In atrial 
cells, fos-like proteins were not uniformly inhibitory in that a carboxy 
terminal deletion mutant of c-fos activated a human ANP-CAT 
reporter in the atriocyte cultures. Finally, using a series of 
domain-swap mutations in the fos/fra structural sequences, we showed that 
sequences at both the amino and the carboxy termini are required to 
realize the full f ra-l-dependent stimulatory effect as well as the 
c-f os-dependent inhibition of ANP gene transcription. These findings 
suggest considerable heterogeneity in the response of the ANP promoter to 
different components of the AP-1 complex. Such heterogeneity may serve to 
broaden the range of biological responses available to this promoter as 
the cardiac cell attempts to adapt to perturbations in the extracellular 
environment . 
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Hormone-dependent phosphorylation of progesterone receptors (PRs) plays a 
functional role in their transcriptional activity. However, 
hormone-independent phosphorylation has also been shown to modulate the 
chicken PR-mediated trans-activation in the presence of phosphorylating 
agents. The present study was designed to investigate the effects of 
protein kinase A- and protein kinase C-mediated signal transduction 
pathways on the regulation of the activity of the two forms of human PR 
(hPRA and hPRB) . Similar to chicken PR, hPR was activated by 8-bromo-cAMP 
(8-Br-cAMP) in the absence of ligand, whereas 8-Br-cAMP synergized 
with the progestin agonist R5020 to amplify hPRA- and 
hPRB-mediated reporter activity. Interestingly, the effect of 
8-Br-cAMP was much more pronounced on hPRA-induced trans-activation than 
on hPRB. This differential regulation by 8-Br-cAMP could also be mimicked 
by okadaic acid. Both mouse mammary tumor virus-thymidine 
kinase-chloramphenicol acetyl transferase and progesterone response 
element-thymidine kinase-chloramphenicol acetyl transferase showed a 
similar response to 8-Br-cAMP in the presence of R5020. Protein kinase C, 
on the other hand, did not discriminate between hPRA- and hPRB-mediated 
trans-activation. Unlike 8-Br-cAMP, phorbol 12-myristate 13-acetate did 
not cause marked ligand-independent trans-activation through either of 

two receptor forms. RU486, an antagonist of progestin, preferentially 



blocked R5020-induced^fca 

synergism. As expect 
kinase A was more effecti 
Western analysis of trans 
8-Br-cAMP + R5020 but not 
COS-1 cells. Only margina 
R5020 treatment in the pr 
suggest that R5020 and 8- 
through distinct pathways 
regulate the activity of 
important for selective t 

L15 ANSWER 13 OF 21 MEDLINE 



ACCESSION NUMBER 
DOCUMENT NUMBER: 
TITLE: 



ns-activation compared to R50J^+ 8-Br-cAMP 

89, a specific inhibitor of ^Jptein 
ve in inhibiting ligand-independent activity, 
fected receptors suggested that 8-Br-cAMP and 

R5020 alone down-regulated the level of hPRB in 
1 modulation of hPRA levels was observed with 
esence and absence of 8-Br-cAMP. These data 
Br-cAMP mediate PR-dependent transactivation 

and that phosphorylation can differentially 
hPRA and hPRB forms, an observation which may be 
arget gene activation in vivo by progestins. 



MEDLINE 



and 



as 



loop 



93324001 
93324001 

Amplification of calcium-induced gene 

transcription by nitric oxide in neuronal cells [published 
erratum appears in Nature 1993 Sep 30; 365 ( 64 4 5 ) : 4 68 ] . 
Peunova N; Enikolopov G 

Cold Spring Harbor Laboratory, New York 11724, 
NATURE, (1993 Jul 29) 364 (6436) 450-3. 
Journal code: NSC. ISSN: 0028-0836. 
ENGLAND: United Kingdom 
Journal; Article; (JOURNAL ARTICLE) 
English 

Cancer Journals; Priority Journals 
199310 

Nitric oxide (NO) is a short-lived, highly reactive gas, which has been 
identified as a mediator in vasodilation, an active agent in macrophage 
cytotoxicity and neurotoxicity, and a neuro-transmitter in the central 
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FILE SEGMENT: 
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peripheral nervous systems. Production of NO by neurons is critical for 
facilitated synaptic transmission in models of synaptic plasticity such 

long-term potentiation and long-term depression, suggesting a role for NO 
as a retrograde messenger that could complete a hypothetical feedback 

by strengthening the connection between postsynaptic and presynaptic 
cells. We report here that although alone NO has no evident effect on 
transcription, it can act as an amplifier of calcium signals in 
neuronal cells. NO and Ca2+ action have to coincide in time for 
amplification to occur. Experiments with a series of simplified 
reporter genes in combination with specific recombinant protein 
kinase inhibitors suggest that induction of gene activity following NO- 
amplified calcium action involves protein kinase A-dependent 
activation of the transcription factor CREB. 
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trans activation of type 1 interferon promoters by simian 
virus 40 T antigen. 
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ient expression system was used to measure the influence of 
40 T antigen and adenovirus Ela proteins on the activation 

ron subtype 1 (IFN-alpha 1) and IFN-beta promoters linked to 

chloramphenicol acetyltransf erase gene. Large 

duction, amplified by expression plasmid 

n transfected 293 cells, was able to trans activate the 



were 



IFN-beta promoter 5-^^ 10-fold, increasing both the g^^titutive and 
Sendai virus-induced^^els of expression. SurprisingJ^^ the previously 
quiescent transfected IFN-alpha 1 promoter in T-antigen-expressing cells 
displayed a level of inducibility similar to IFN-beta. The endogenous 
IFN-alpha 1 gene was also inducible to a limited extent in cells 
expressing T antigen. A truncated IFN-beta promoter deleted to position 
-37 relative to the CAP site was neither inducible nor trans activated by 
T antigen, suggesting that sequences required for efficient induction 

also needed for trans activation. Since 293 cells express adenoviral Ela 
proteins, experiments were also performed in HeLa cells to assess the 
relative contribution of T antigen and Ela proteins to I FN trans 
activation. In HeLa cells, T-antigen coexpression increased the 
constitutive level of IFN-beta and IFN-alpha 1 promoter activity without 
augmenting relative inducibility. Coexpression of T antigen and Ela 
proteins did not have a cooperative effect on type 1 I FN 
expression. 
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AB To construct a recombinant protein highly producing cell lines, we have 
previously developed the Oncogene Activated Production (OAP) system by 
using BHK-21 cells. Here we verified the availability of the OAP system 

in 

CHO cells. We firstly generated 1 primed 1 ras amplified CHO 
cells, ras clone I, by introducing human c-Ha-ras oncogene into CHO 
cells . 

This ras clone I enables quick and easy establishment of recombinant 
protein hyper producing cell lines by introduction reporter gene 
of interest. Then we generated 113 by introducing human interleukin 6 
(hIL-6) gene as a reporter gene, which showed enhanced 

productivity rate as compared to A7 established by conventional method. 
Furthermore, we found that hIL-6 production level of 113 was slightly 
improved by raising the C02 concentration from 5 to 8% possibly because 

of 

the enhanced growth rate. We further introduced the E1A oncogene, which 
has been shown to have a synergistic effect on the recombinant 
protein production of the ras-amplif ied BHK-21 cells, then 
evaluated the productivity. When culture in 5% C02 condition, only the 
slight effect can be seen. However when cultured in 8% C02 condition, not 
only cell number, but also productivity increased significantly, resulted 
in great augmentation of hIL-6 production, maximum production being 88.6 
mug/ml/3 days. This study demonstrates that recombinant protein 
production 

level reached commercially desirable level by utilizing our OAP system in 
CHO cells and optimizing the culture condition. 
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and expression of the murine bamacan gene. 
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CORPORATE SOURCE: (1) ®<j^^ of Pathology, Anatomy, and Cei^Biology, JAH, 

Thoma^Hf ferson University, 1020 Locu J^^t . , Rm. 249, 
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AB Bamacan is a chondroitin sulfate proteoglycan that abounds in basement 
membranes. To gain insights into the bamacan gene regulation and 
transcriptional control, we examined the genomic organization and 
identified the promoter region of the mouse bamacan gene. Secondary 
structure analysis of the protein reveals a sequential organization of 
three globular regions interconnected by two alpha-helix coiled-coils . 

The 

N- and C-terminal ends carry a P-loop and a DA box motif that can act 
cooperatively to bind ATP. These features as well as the high 
sequence homology with members of the SMC (structural maintenance of 
chromosome) protein family led us to conclude that bamacan is a member of 
this protein family. The gene comprises 31 exons and is driven by a 
promoter that is highly enriched in GC sequences and lacks TATA and CAAT 
boxes. The promoter is highly functional in transient cell transfection 
assays, and step-wise 5 1 deletions identify a strong enhancer element 
between -659 and -481 base pairs that includes Jun/Fos 
proto-oncogene-binding elements. Using back-crossing experiments we 
mapped 

the Bam gene to distal chromosome 19, a locus syntenic to human 
chromosome 

10q25. Bamacan is differentially expressed in mouse tissues with the 
highest levels in testes and brain. Notably, bamacan mRNA levels are low 
in normal cells and markedly reduced during quiescence but are highly 
increased when cells resume growth upon serum stimulation. In contrast, 



in 
and 



all transformed cells tested, bamacan is constitutively overexpressed, 

its levels do not change with cell cycle progression. These results 
suggest that bamacan is involved in the control of cell growth and 
transformation . 
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AB To maintain blood glucose levels within narrow limits, the synthesis and 
secretion of pancreatic islet hormones is controlled by a variety of 
extracellular signals. Depolarization-induced calcium influx into islet 
cells has been shown to stimulate glucagon gene transcription through the 
transcription factor cAMP response element-binding protein that binds to 
the glucagon cAMP response element. By transient transfection of 

glucagon- 

reporter fusion genes into islet cell lines, this study identified 

a second calcium response element in the glucagon gene (G2 element, from 

165 to - 200) . Membrane depolarization was found to induce the binding of 
a nuclear complex with NFATp-like immunoreactivity to the G2 element. 
Consistent with nuclear translocation, a comigrating complex was found in 
cytosolic extracts of unstimulated cells, and the induction of nuclear 



protein binding was h^^ked by inhibition of calcineu^^^phosphatase 
activity by FK506. AHfational analysis of G2 functic^pind nuclear 
protein binding as well as the effect of FK506 indicate that calcium 
responsiveness is conferred to the G2 element by NFATP functionally 
interacting with HNF-3beta binding to a closely associated site. 
Transcription factors of the NFAT family are known to cooperate 
with AP-1 proteins in T cells for calcium-dependent activation of 
cytokine 

genes. This study shows a novel pairing of NFATP with the cell 
lineage-specific transcription factor HNP-3beta in islet cells to form a 
novel calcium response element in the glucagon gene. 
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AB Understanding transcription initiation of the endothelial nitric-oxide 
synthase (eNOS) gene appears pivotal to gaining a comprehensive view of 



NO 
upon 



biology in the blood vessel wall. The present study therefore focused 



a detailed dissection of the functionally important cis-DNA elements and 
the multiprotein complexes implicated in the cooperative control 
of constitutive expression of the human eNOS gene in vascular 
endothelium. 

Two tightly clustered cis-regulatory regions were identified in the 
proximal enhancer of the TATA- less eNOS promoter using deletion analysis 
and linker-scanning mutagenesis: positive regulatory domains I (-104/-95 
relative to transcription initiation) and II (-144/-115) . Analysis of 
trans-factor binding and functional expression studies revealed a 
surprising degree of cooperativity and complexity. The 

nucleoprotein complexes that form upon these regions in endothelial cells 
contained Ets family members, Spl, variants of Sp3, MAZ, and YY1. 
Functional domain studies in Drosophila Schneider cells and endothelial 
cells revealed examples of positive and negative protein-protein 
cooperativity involving Spl, variants of Sp3, Ets-1, Elf-1, and 
MAZ. Therefore, multiprotein complexes are formed on the activator 
recognition sites within this 50-base pair region of the human eNOS 
promoter in vascular endothelium. 
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AB The cellulase system of the filamentous fungus Hypocrea jecorina 
(Trichoderma reesei) consists of several cellobiohydrolases, 
endoglucanases, and beta-glucosidases, encoded by separate genes, which 
are coordinately expressed in the presence of cellulose or the 
disaccharide sophorose. Using cell-free extracts from sophorose-induced 
and noninduced mycelia and various fragments of the cbh2 promoter of H. 
jecorina in electrophoretic mobility shift assay (EMSA) analysis and 
performing in vitro and in vivo footprinting analysis, we detected the 
nucleotide sequence 5 1 -ATTGGGTAATA-3 1 (consequently named cbh2-activating 
element (CAE)) to bind a protein complex with different migration in EMSA 
of induced and noninduced cell-free extracts. EMSA analysis, employing 
oligonucleotide fragments containing specifically mutated versions of 

CAE, 

revealed that protein binding requires the presence of an intact copy of 
either one of two adjacent motifs: a CCAAT (=ATTGG) box on the template 
strand and a GTAATA box on the coding strand, whereas a simultaneous 
mutation in both completely abolished binding. H. jecorina transf ormants, 
containing correspondingly mutated versions of the cbh2 promoter fused to 
the Escherichia coli hph gene as a reporter, expressed hph in a 
manner paralleling the efficacy of CAE-protein complex formation in EMSA, 
suggesting that the presence of either of both motifs is required for 
induction of cbh2 gene transcription. Antibody supershift experiments 

with 

anti-HapC antiserum as well as EMSA competition experiments with CCAAT 
binding promoter fragments of the Aspergillus nidulans amdS promoter 
suggest that the H. jecorina CCAAT box binding complex contains a 
homologue of HapC. The nature of the adjacent, GTAATA-binding protein (s) 
and its cooperation with the HapC homologue in cbh2 gene 
induction is discussed. 
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Article 
English 

The N-methyl-D-aspartate (NMDA) subtype of glutamate receptor plays 
important roles in neuronal development, plasticity, and cell death. NMDA 
receptor subunit 1 (NR1) is an essential subunit of the NMDA receptor and 
is developmentally expressed in postnatal neurons of the central nervous 
system. Here we identify on the NR1 promoter a binding site for myocyte 
enhancer factor 2C (MEF2C) , a developmentally expressed neuron/muscle 
transcription factor found in cerebrocortical neurons, and study its 
regulation of the NR1 gene. Co-expression of MEF2C and Spl cDNAs in 
primary neurons or cell lines synergistically activates the NR1 
promoter. Disruption of the MEF2 site or the MEF2C DNA binding domain 
moderately reduces this synergism. Mutation of the Spl sites or 
the activation domains of Spl protein strongly reduces the 
synergism. Results of yeast two-hybrid and co-immunoprecipitation 
experiments reveal a physical interaction between MEF2C and Spl proteins. 
The MEF2C DNA binding domain is sufficient for this interaction. 
Dominant-negative MEF2C interferes with expression of NR1 mRNA in 
neuronally differentiated P19 cells. Growth factors, including epidermal 
growth factor and basic fibroblast growth factor, can up-regulate NR1 
promoter activity in stably transfected PC12 cells, even in the absence 



the MEF2 site, but tl^Apl sites are necessary for thi^fcrowth factor 
regulation, suggestin^^chat Spl sites may mediate the^^tf f ects . 
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AB Rieger syndrome is an autosomal-dominant developmental disorder that 

includes glaucoma and mild craniofacial dysmorphism in humans. Mutations 
in the Pitx2 homeobox gene have been linked to Rieger syndrome. We have 
characterized wild type and mutant Pitx2 activities using electrophoretic 
mobility shift assays, protein binding, and transient transfection 

assays . 

Pitx2 preferentially binds the bicoid homeodomain binding site and 
transactivates reporter genes containing this site. The 
combination of Pitx2 and another homeodomain protein, Pit-1, yielded a 
synergistic 55-fold activation of the prolactin promoter in 
transfection assays. Addition of Pit-1 increased Pitx2 binding to the 
bicoid element in electrophoretic mobility shift assays. Furthermore, we 
demonstrate specific binding of Pit-1 to Pitx2 in vitro. Thus, wild type 
Pitx2 DNA binding activity is modulated by protein-protein interactions. 
We next studied two Rieger mutants. A threonine to proline mutation 
(T68P) 

in the second helix of the homeodomain retained DNA binding activity with 

the same apparent KD and only about a 2-fold reduction in the Bmax. 

However, this mutant did not transactivate reporter genes 

containing the bicoid site. The mutant Pitx2 protein binds Pit-1, but 

there was no detectable synergism on the prolactin promoter. A 

second mutation (L54Q) in a highly conserved residue in helix 1 of the 

homeodomain yielded an unstable protein. Our results provide insights 

into 

the potential mechanisms underlying the developmental defects in Rieger 
syndrome . 
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AB at. least 2 self pheromones. The well-investigated pheromone 

response system of the yeast Saccharomyces cerevisiae was used to link 



FUSl::lacZ reporter system to the heterologous pheromone receptors 
from S. commune. To investigate yeast G-protein binding, the unchanged 
heterologous receptor was compared to constructs carrying an exchange of 
the 3rd cytoplasmatic loop for the Ste2 sequence. A better 
coupling could be achieved with the altered constructs. In order to 
examine activation by single pheromones, an. 
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AB factor or by deletion of the alpha-subunit of the heterotrimeric 

G-protein. We now show that CLN2 overexpression can also repress 
FUS1 induction if the signaling pathway is activated at the level 
of the beta-subunit of the G-protein (STE4) but not when 
activated at the level of downstream kinases (STE20 and 
STE11) or at the level of the transcription factor STE12 
. This epistatic analysis indicates that repression of pheromone 



pathway by Cln2-Cdc28 kinase takes place at a level around STE20 

. In agreement with this, a marked reduction in the electrophoretic 

mobility of the Ste20 protein is observed at the time in the 

cell cycle of maximal expression of CLN2 . This mobility change is 

constitutive. . . absent in cells lacking CLN1 and CLN2 . These changes 

in electrophoretic mobility correlate with repression of pheromone 

signaling and suggest Ste20 as a target for repression of 

signaling by Gl cyclins. Two morphogenic pathways for which Ste20 

is essential, pseudohyphal differentiation and haploid-invasive growth, 

also require CLN1 and CLN2 . Together with the previous observation that 

Clnl and Cln2 are required for the function of Ste20 in 

cytokinesis, this suggests that Clnl and Cln2 regulate the biological 

activity of Ste20 by promoting morphogenic functions, while 

inhibiting the mating factor signal transduction function. 
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AB was more active than its lactam-containing diastereomeric 

homologue WHWLQLK [ {S ) -gamma -lactam] QP [Nle] Y and about equally active with 
the [Nlel2] -alpha-factor in growth arrest and FUSl-lacZ gene 
induction assays. Both lactam analogues competed with tritiated 
[Nlel2] -alpha-factor for binding to the alpha-factor receptor ( 
Ste2p) with the (R) -gamma-lactam-containing peptide having 7-fold 
higher affinity than the (S) -gamma-lactam-containing homologue. 
Two-dimensional NMR spectroscopy and modeling analysis gave evidence. 
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AB The MAPKKK Stellp functions in three Saccharomyces cerevisiae 

MAPK cascades [the high osmolarity glycerol (HOG) , pheromone response, 

and 

pseudohyphal/invasive growth pathways], but its. . . for Hoglp, 
allowed 

osmolarity-induced activation of the pheromone response pathway. This 
cross talk required the osmosensor Sholp, as well as Ste20p, 
SteSOp, the pheromone response MAPK cascade (Stellp, 
Ste7p, and Fus3p or Ksslp) , and Stel2p but not 
Ste4p or the MAPK scaffold protein, Ste5p. The cross 



the 



signaling 



talk in hogl mutants^Bduced multiple responses of tlr^^kheromone response 
pathway: induction o^^l FUS1 : : lacZ reporter, mo rpho logical 
changes, and mating in ste4 and ste5 mutants. We 
suggest that Hoglp may prevent osmolarity-induced cross talk by 
inhibiting 

Sholp, perhaps as part of a feedback control on the HOG pathway. We have 
also shown that Ste20p and SteSOp function in the 

Sholp branch of the HOG pathway and that a second osmosensor in addition 
to Sholp may activate Stellp. Finally, we have found that 
pseudohyphal growth exhibited by wild-type (H0G1) strains depends on 

SH01, 

suggesting that Sholp may be. 
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AB NOT proteins were found to co-immunoprecipitate with CCR4 and 

CAF1, and N0T1 co-purified with CCR4 and CAF1 through three 
chromatographic steps in a complex estimated to be 1.2x10(6) Da 
in size. Mutations in the NOT genes affected many of the same, 
derepression, defective cell wall integrity and increased sensitivity to 
monoand divalent ions. Similarly, ccr4, cafl and dbf2 alleles negatively 
regulated FUSl-lacZ expression, as do defects in the NOT genes. 
These results indicate that the NOT proteins are physically and 
functionally part. 
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AB Basal and induced transcription of pheromone-dependent genes is regulated 
in a cell cycle-dependent way. FUS1, a gene strongly induced 
after pheromone treatment, shows high mRNA levels in mitosis and early Gl 
phase of the cell. . . CLN2 overexpression represses Fus3 kinase 
activity, independently of the phosphatase Msg5 . Additionally, we show 
that the activity of the MEK Ste7 also fluctuates during the 
cell cycle. Increased Cln2 levels repress the ability of hyperactive 
STE11 alleles to induce the pathway. G protein-independent 
activation of Stell caused by an rgal pbs2 mutation is resistant 
to high levels of Cln2 kinase. Therefore our results suggest that 
Cln2-dependent repression of the mating pathway occurs at the level of 
Stell. 
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AB cells agglutinate and make contact but fail to undergo cell 

fusion. The chs5 mating defect can be partially rescued by FUS1 
and/or FUS2, two genes which have been implicated previously in cell 
fusion, but not by FUS3. In addition, mating efficiency is much lower in 
fusl fus2 x chs5 than in fusl fus2 x wild type crosses. 
Our results indicate that Chs5p plays an important role in the cell 
fusion 

step of mating. 
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AB Ras2, stimulates both filamentous growth and expression of a 

transcriptional reporter FG (TyA) : : lacZ but does not induce the mating 
pathway reporter FUSl::lacZ. This induction depends upon 

elements of the conserved mitogen-activated protein kinase (MAPK) pathway 
that is required for both filamentous growth and mating, two distinct 
morphogenetic events. Full induction requires Ste20 (homolog of 
mammalian p65PAK protein kinases), Stell [an MEK kinase (MEKK) 
or MAPK kinase (MEK) kinase], Ste7 (MEK or MAPK kinase), and the 
transcription factor Stel2. Moreover, the Rho family protein 
Cdc42, a conserved morphogenetic G protein, is also a potent regulator of 
filamentous growth and FG (TyA) : : lacZ expression in S. cerevisiae. 
Stimulation of both filamentous growth and FG (TyA) : : lacZ by Cdc42 depends 
upon Ste20. In addition, dominant negative CDC42Alall8 blocks 
RAS2vall9 activation, placing Cdc42 downstream of Ras2. Our results 
suggest that filamentous growth in. 
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AB pathway is mediated by two G protein-linked receptors, each of 

which is expressed only in its specific cell type. The STE3DAF 
mutation results in inappropriate expression of the a-factor receptor in 



MAT a cells. Express:^Mof this receptor in the inappi^^iate cell type 

confers resistance t^Fpheromone- induced Gl arrest, a ^Blnomenon that we 
have termed receptor inhibition. The ability of STE3DAF cells to 
cycle in the presence of pheromone was found to correlate with reduced 
phosphorylation of the cyclin-dependent kinase inhibitor Farlp. 
Measurement of Fus3p mitogen-activated protein (MAP) kinase activity in 
wild-type and STE3DAF cells showed that induction of Fus3p 
activity was the same in both strains at times of up to 1 h after 
pheromone treatment. However, after 2 or more hours, Fus3p activity 
declined in STE3DAF cells but remained high in wild-type cells. 
The 1 evel of inducible FUS1 RNA paralleled the changes seen in 
Fus3p activity. Short-term activation of the Fus3p MAP kinase is 
therefore 

sufficient for the. . . receptor inhibition is not simply a result of 

weak signaling but rather acts selectively at late times during the 

response. STE3DAF was found to inhibit the pheromone response 

pathway at a step between the G beta subunit and Ste5p 

, the scaffolding protein that binds the components of the MAP kinase 

phosphorylation cascade. Overexpression of Ste20p, a kinase 

thought to act between the G protein and the MAP kinase cascade, 

suppressed the STE3DAF phenotype. These findings are consistent 

with a model in which receptor inhibition acts by blocking the signaling 

pathway downstream of G protein dissociation and upstream of MAP kinase 

cascade activation, at a step that could directly involve 

Ste20p. 
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AB ... genes involved in Saccharomyces cerevisiae mating were found to 
fluctuate during the cell cycle. In the absence of a functional 
Stel2 transcription factor, both the levels and the cell cycle 
pattern of expression of these genes were affected. FUS1 and 
AGA1 levels, which are maximally expressed only in Gl-phase cells, were 
strongly reduced in stel2- cells. The cell cycle transcription 
pattern for FAR1 was changed in stel2- cells: the gene was still 
significantly expressed in G2/M, but transcript levels were strongly 
reduced in Gl phase, resulting in. . . resulted in increased levels of 
FAR1 transcription. The pattern of cell cycle-regulated transcription of 
FAR1 could involve combinatorial control of Stel2 and Mcml . 
Forced Gl expression of FAR1 from the GAL1 promoter resorted the ability 
to arrest in response to pheromone in stel2-cells. This 
indicates that transcription of FAR1 in the Gl phase is essential for 
accumulation of the protein and for pheromone-induced. 
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AB yeast strains expressing the A2a adenosine receptor was elicited 

via activation of the yeast pheromone-response pathway. Induction of a 
pheromone-responsive FUS1-HIS3 reporter gene in farl his3 cells 
permits cell growth in medium lacking histidine. The sensitivity of the 
bioassay was increased by deletion of the STE2 gene, which 
encodes the yeast alpha-mating pheromone receptor. The growth response 



was 



dose dependent, and agonists of varying affinities displayed. 
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AB ... transduction.) AKR1 could serve as a multicopy suppressor of the 
lethality caused by either loss of GPA1 or overexpression of STE4 
, which encodes the G beta subunit of this G protein, suggesting that 
pheromone signaling is inhibited by overexpression of Akrlp. ... in 
AKR1 displayed synthetic lethality with a weak allele of GPA1 and led to 
increased expression of the pheromone-inducible gene FUS1, 
suggesting that Akrlp normally (and not just when overexpressed) inhibits 
signaling. In contrast, deletion of BEM1 resulted in decreased expression 
of FUS1, suggesting that Bemlp normally facilitates pheromone 
signaling. During a screen for proteins that displayed two-hybrid 
interactions with Akrlp, we identified Ste4p, raising the 
possibility that an interaction between Akrlp and Ste4p 
contributes to proper regulation of the pheromone response pathway. 
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AB Pheromone signal lin<j^Bi Saccharomyces cerevisiae is r^»ated by the 
STE4-STE18 G-protein^3eta gamma subunits. A possible 
target for the subunits is Ste20p, whose structural homolog, the 
serine/threonine kinase PAK, is activated by GTP-binding p21s Cdc42 and 
Racl. The putative Cdc42p-binding domain of Ste20p, expressed as 
a fusion protein, binds human and yeast GTP-binding Cdc4 2p. Cdc42p is 
required for alpha-factor-induced activation of FUSl.cdc24ts 
strains defective for Cdc42p GDP/GTP exchange show no pheromone induction 
at restrictive temperatures but are partially rescued by overexpression 

of 

Cdc42p, which is potentiated by Cdc42pl2V mutants. Epistatic analysis 

indicates that CDC24 and CDC42 lie between STE4 and 

STE20 in the pathway. The two-hybrid system revealed that 

Ste4p interacts with Cdc24p. We propose that Cdc42p plays a 

pivotal role both in polarization of the cytoskeleton and in pheromone. 
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AB In Schizosaccharomyces pombe, the fusl mutation blocks 

conjugation at a point after cell contact and agglutination. The cell 

walls separating the mating partners are not degraded, which prevents 

cytoplasmic fusion. In order to investigate the molecular mechanism of 

conjugation, we cloned the fusl gene and found that it is 

capable of encoding a 1, 372-amino-acid protein with no significant 

similarities to other known proteins. Expression of the fusl 

gene is regulated by the developmental state of the cells. Transcription 

is induced by nitrogen starvation and requires a pheromone signal in both 

P and M cell types. Consequently, mutants defective in the pheromone 

response pathway fail to induce fusl expression. The 

stell gene, which encodes a transcription factor controlling 

expression of many genes involved in sexual differentiation, is also 

required for transcription of fusl. Furthermore, deletion of two 

potential Stell recognition sites in the fusl promoter 

region abolished transcription, and expression could be restored when we 

inserted a different Stell site from the matl-P promoter. Since 

this element was inverted relative to the fusl element, we 

conclude that activation of transcription by Stell is 

independent of orientation. Although the fusl mutant has a 

phenotype very similar to that of Saccharomyces cerevisiae fusl 

mutants, the two proteins appear to have different roles in the process 

of 

cell fusion. Budding yeast Fusl is a typical membrane protein 

and contains an SH3 domain. Fission yeast Fusl has no features 

of a membrane protein, yet it appears to localize to the projection tip. 

A 

characteristic proline-rich potential. 
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AB ... RanBPl on reel- cells was confirmed by the finding that 

overproduction of RanBPl induces significant levels of expression of a 

FUSl-lacZ gene and an increase in mating efficiencies in a 

ste3, pheromone receptor-deficient yeast mutant. This phenotype is 

similar to the srml, a mutant isolated as a suppressor that restores 

mating. 
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AB ... a protein with structural similarity to MAP kinase kinases. 

Expression of this gene in Saccharomyces cerevisiae complements 
disruption 

of the Ste7 MAP kinase kinase required for both mating in 
haploid cells and pseudohyphal growth in diploids. However, Hst7 
expression does not. . . Mkkl and Mkk2 MAP kinase kinases required for 
proper cell wall biosynthesis. Intriguingly, HST7 acts as a hyperactive 
allele of STE7; expression of Hst7 activates the mating pathway 
even in the absence of upstream signaling components including the 
Ste7 regulator Stell, elevates the basal level of the 
pheromone-inducible FUS1 gene, and amplifies the pseudohyphal 
growth response in diploid cells. Thus Hst7 appears to be at least 



partially independer^^f upstream activators or reguj^^rs, but selective 

in its activity on aWnstream target MAP kinases. Cre^Kon of Hst7/ 

Ste7 hybrid proteins revealed that the C-terminal two-thirds of 

Hst7, which contains the protein kinase domain, is sufficient to confer 

this. 
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AB The STE4 gene encodes the beta subunit of a heterotrimeric G 

protein that is an essential component of the pheromone signal 
transduction pathway. To identify downstream component (s) of Ste4 
, we sought pseudo-revertants that restored mating competence to 
ste4 mutants. The suppressor mot2 was isolated as a recessive 
mutation that restored conjugational competence to a 
temperature-sensitive 

ste4 mutant and simultaneously conferred a temperature-sensitive 
growth phenotype. The M0T2 gene encodes a putative zinc finger protein, 
the deletion of which resulted in temperature-sensitive growth, increased 
expression of FUS1 in the absence of pheromones, and suppression 
of a deletion of the alpha-factor receptor. On the other hand, 
sterility resulting from deletion of STE4 was not 

suppressed by the mot2 deletion. These phenotypes are similar to those 
associated with temperature-sensitive mutations in CDC36 and. 
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AB transmission of the pheromone response signal. The DAF2-2 

mutation has two effects on the expression of a pheromone inducible gene, 

FUS1. In DAF2-2 cells, FUS1 RNA is present at an 

increased basal level but is no longer fully inducible by pheromone. 
Cloning of DAF2-2 revealed that it is an allele of STE3, the 
gene encoding the a-f actor receptor. STE3 is normally an 

alpha-specific gene, but is inappropriately expressed in a cells carrying 
a STE3DAF2-2 allele. The two effects of STE3DAF2-2 

alleles on the pheromone response pathway are the result of different 
functions of the receptor. The increased basal level of FUS1 RNA 
is probably due to stimulation of the pathway by an autocrine mechanism, 
because it required at least one of. . . a-factor. Suppression of a 
null allele of the G alpha subunit gene, the phenotype associated with 

the 

inhibitory function of STE3, was independent of a-factor. This 
suppression was also observed when the wild-type STE3 gene was 
expressed in a cells under the control of an inducible promoter. 
Inappropriate expression of STE2 in alpha cells was able to 
suppress a point mutation, but not a null allele, of the G alpha subunit. 
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AB SCG1/GPA1, STE4 and STE18 encode the alpha, beta and 

gamma components of the G protein involved in mating pheromone signal 

transduction in Saccharomyces cerevisiae. Responses, including Gl arrest 

and expression of genes such as FUS1, are activated by beta 

gamma, which is negatively controlled by alpha (GDP). We previously 

demonstrated that overexpression of Scgl suppresses responses. 

scgl-null mutant. Effects were attributed to sequestration of beta gamma. 

We now show that effects on growth rate, morphology and FUS1 

expression are consistent with this model. The STE4HPL allele 

causes dominant activation of the response pathway, and is presumed to 

encode a beta subunit insensitive to control by alpha (GDP). Scgl 

overexpression suppresses the growth arrest due to STE4HPL; 

normal alpha-factor responses and fertility are restored. A model based 

on 

sequestration of beta gamma reconciles this result with the. 

responses and mating in wild-type cells. A G alpha i hybrid also restores 

growth and allows inefficient mating in the STE4HPL strain. 
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AB presumptive protein kinases of Schizosaccharomyces pombe, byr2, 

byrl, and spkl that are structurally related to protein kinases of 

Saccharomyces cerevisiae, STE11, STE7, and FUS3, 

respectively, are also functionally related. In some cases, introduction 



i 



of the heterologous ^^fctein kinase into a mutant was ^Bfficient for 

complementation. In ^Wier cases (as in a stell- mutarflPof S. 

cerevisiae), expression of two S. pombe protein kinases (byr2 and byrl) 
was required to observe complementation, suggesting. . . sporulation 
and conjugation and in S. cerevisiae as restoration of conjugation, 
pheromone-induced cell cycle arrest, and pheromone-induced transcription 
of the FUS1 gene. We also show that the S. pombe kinases bear a 
similar relationship to the mating pheromone receptor apparatus as. 
two evolutionarily distant yeasts despite an apparently significant 
difference in function of the heterotrimeric G proteins. We suggest that 
the STEll/byr2, STE7/byrl, and FUS3/spkl kinases 

comprise a signal transduction module that may be conserved in higher 
eukaryotes. Consistent with this hypothesis, we. 
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AB improved response to Saccharomyces kluyveri alpha-factor were 

identified and sequenced. Mutants were isolated from cells bearing 
randomly mutagenized receptor gene (STE2) plasmids by an in vivo 
screen. Five mutations lead to substitutions in hydrophobic segments in 
the core of the receptor. . . arrest initially, but then recovered 

more 

efficiently (S145L-S219L) . One mutant ( L255S-S288P) conferred positive 
pheromone responses to alpha-factor as assayed by FUSl-lacZ 
reporter induction, but did not display growth arrest. The hydrophobic 
receptor core thus appears to control activation by some ligands. 
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AB A new gene, STE50, which plays an essential role in cell 

differentiation in Saccharomyces cerevisiae was detected and analysed. 

STE50 expression is not cell type-specific and its expression in 

MATa and MAT alpha cells is unaffected by pheromones. When present on a 

high copy number plasmid, STE50 causes supersensitivity to 

alpha-pheromone, and increases the level of alpha-pheromone-induced 

transcription of FUS1 in haploid a cells. Mutants bearing either 

of the two gene disruptions, ste50-l or ste50-2, are 

sterile and have a modulated sensitivity to alpha-pheromone. The 

overexpression of STE4 (G beta) in wild-type cells elicits a 

constitutive growth arrest signal, however this phenotype is suppressed 

by 

a C-terminal truncation mutation in STE50 (ste50-2) . 
In contrast, the constitutive activation of the pheromone response 
pathway 

caused by disruption of GPA1 (G alpha) is not suppressed in ste50 
-2 mutants. The ste50-2 mutation partially suppresses the 
desensitisation defect of the sst2-l mutation, and the resulting 
ste50-2 sst2-l mutants restore fertility. Our results indicate 
that the ste50-2 mutant may have a defect in adaptation 
(hyperadaptation) , and suggest a possible interaction of STE50-2 
with the G alpha subunit of the G protein. 
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AB 1991]). Genes regulated by stimuli as diverse as external 

signals 

(PH05), cell differentiation processes (SP011 and SP013) , cell type 
(RME1, 

FUS1, HO, TY2, STE6, STE3, and BAR1) , and 

genes whose regulatory signals remain unknown (TRK2) depend on RPD1 to 
achieve maximal states of transcriptional regulation. . 
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AB cells. The concentration of alpha-factor required for a 

half-maximal inhibition was comparable to that required for the induction 

of the FUS1 gene. Strains containing a disruption in 

ste2 or stel2 or temperature-sensitive mutations in 

ste4, ste7, or stell continued to divide and 

to accumulate glycogen in the presence of alpha-factor. In contrast, 
inhibition of glycogen occurred upon exposure. 
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AB respond to^^romone throughout the cycle e^^^ though there is 

cell cycle modulatio^^f the expression of two pheroiMK-inducible genes, 
FUS1 and STE2 . Both of these genes are expressed less 
efficiently near or just after the START point of the cell cycle in 
response to alpha-factor. For STE2, the basal level of 
expression is modulated in the same manner. 
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AB The FUS1 gene of Saccharomyces cerevisiae is transcribed in a 

and alpha cells, not in a/alpha diploids, and its transcription increases 
dramatically when haploid cells are exposed to the appropriate mating 
pheromone. In addition, FUS1 transcription is absolutely 
dependent on STE4, STE5, STE7, STE11 

, and STE12, genes thought to encode components of the pheromone 
response pathway. We now have determined that the pheromone response 
element (PRE), which occurs in four copies within the FUS1 
upstream region, functions as the FUS1 upstream activation 
sequence (UAS) and is responsible for all known aspects of FUS1 
regulation. In particular, deletion of 55 bp that includes the PREs 
abolished all transcription, and a 139-bp fragment that includes the PREs 
conferred FUSl-like expression to a CYCl-lacZ reporter gene. 
Moreover, three or four copies of a synthetic PRE closely mimicked the 
activity conferred. . . even a single copy of PRE conferred a trace of 
activity that was haploid specific and pheromone inducible. In the 
FUS1 promoter context, four copies of the synthetic PRE inserted 
at the site of the 55-bp deletion restored full FUS1 

transcription. Sequences upstream and downstream from the PRE cluster 

were 

important for maximal PRE-directed expression but, by themselves, did no 
have UAS activity. Other yeast genes with PREs, e.g., STE2 and 
BAR1, are more modestly inducible and have additional UAS elements 
contributing to the overall activity. In the FUS1 promoter, the 
PREs apparently act alone to confer activity that is highly stimulated by 
pheromone . 
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AB The yeast GPA1, STE4, and STE18 genes encode proteins 

homologous to the respective alpha, beta and gamma subunits of the 
mammalian G protein complex which appears to mediate the response to 
mating pheromones. Overexpression of the STE4 protein by the 
galactose-inducible GAL1 promoter caused activation of the pheromone 
response pathway which resulted in cell-cycle arrest in late Gl phase and 
induction of the FUS1 gene expression, thereby suppressing the 
sterility of the receptor-less mutant delta ste2 . 
Disruption of STE18, in turn, suppressed activation of the 
pheromone response induced by overexpression of STE4, suggesting 
that the STE18 product is required for the STE4 
action. However, overexpression of both the STE4 and 
STE18 proteins did not generate a stronger pheromone response than 
overexpression of STE4 in the presence of wild-type levels of 
STE18. These results suggest that the beta subunit is the limiting 
component for the pheromone response and support the idea that beta and 
gamma subunits act as a positive regulator. Furthermore, overexpression 

of 

GPA1 prevented cell-cycle arrest but not FUS1 induction mediated 

by overexpression of STE4. This implies that the alpha subunit 

acts as a negative regulator presumably through interacting with beta and 

gamma subunits in. 
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AB more detailed investigation of pheromone response in the endl 

mutant reveals that one aspect of the early response (induction of 
FUS1) is as defective as late responses (cell cycle arrest and 
projection formation) . In contrast, another measure of the early response 
(induction of STE2) is normal. These data suggest that the 
biogenesis of a functional vacuole is necessary for optimal response to 
pheromone. 
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AB The Saccharomyces c^Hlisiae GPA1, STE4 , and STE18 

genes encode product^^iomologous to mammalian G~prote^r alpha, beta, and 
gamma subunits, respectively. All three genes function in the 
transduction. . . pheromone in haploid cells. To characterize more 
completely the role of these genes in mating, we have conditionally 
overexpressed GPA1, STE4, and STE18, using the 

galactose-inducible GAL1 promoter. Overexpression of STE4 alone, 
or STE4 together with STE18, generated a response in 

haploid cells suggestive of pheromone signal transduction: arrest in Gl 

of 

the cell cycle, formation of cellular projections, and induction of the 
pheromone-inducible transcript FUS1 25- to 70-fold. High-level 
STE18 expression alone had none of these effects, nor did 
overexpression of STE4 in a MATa/alpha diploid. However, 
STE18 was essential for the response, since overexpression of 
STE4 was unable to activate a response in a stel8 null 
strain. GPA1 hyperexpression suppressed the phenotype of STE4 
overexpression. In addition, cells that overexpressed GPA1 were more 
resistant to pheromone and recovered more quickly from pheromone than 

did. 
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AB mating pheromone. We demonstrate here that strains harboring 

temperature-sensitive mutations in CDC36 or CDC39 activate expression of 

the pheromone-inducible gene FUS1 when shifted to nonpermissive 

temperature. We show further that cell-cycle arrest and induction of 

FUS1 are dependent on known components of the mating factor 

response pathway, the STE genes. Thus, the Gl-arrest phenotype 

of cdc36 and cdc39 mutants results from activation of the mating factor 

response pathway. The. . . required to block response in the absence 

of 

pheromone. Epistasis analysis of mutants defective in CDC36 or CDC39 and 
different STE genes demonstrates that activation requires the 
response pathway G protein and suggests that CDC36 and CDC39 products may 
control synthesis. 
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AB alpha-factor in Saccharomyces cerevisiae MATa cells was 

identified and characterized genetically. Whereas wild-type cells induce 

a 

high level of the FUS1 mRNA from a low baseline on exposure to 
alpha-factor, DAF2-2 cells were constitutive producers of an intermediate 
level of FUS1 RNA; the level was increased only modestly by 
alpha-factor. FUS1 constitutivity required STE 4 , 
STE5 and STE18 , but did not require STE2, the 

alpha-factor receptor gene. DAF2-2 suppressed the alpha-factor 
supersensitivity of a STE 2 C-terminal truncation, and suppressed 
lethality due to scgl mutations. Thus DAF2-2 may act by uncoupling the 
signaling pathway from alpha-factor binding at some point in the pathway 
between Scgl inactivation and the action of Ste4, Ste5 
and Stel8; this uncoupling might occur at the expense of partial 
constitutive activation of the pathway. DAF2-2 suppressed the 
unconditional cell-cycle arrest phenotype of a dominant "constitutive 
signaling" allele of STE 4 (STE4Hpl) , although the 
constitutive FUS1 phenotype of DAF2-2 was suppressed by 
ste4 null mutations; therefore DAF2-2 may directly affect the 
performance of the STE 4 step. 
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AB ... To identify components of the signal transduction pathway, we 
sought pseudorevertants that restored mating competence to receptor 
mutants (MAT alpha ste3::LEU2). The suppressor srml-1 was 
isolated as a recessive mutation that conferred temperature-sensitive 
growth to all strains and mating ability to MAT alpha ste3::LEU2 
strains at the nonpermissive temperature. In addition, when srml-1 
mutants 

were shifted to the nonpermissive temperature, they exhibited two 
phenotypes characteristic of pheromone response, induction of FUS1 



transcription and a<^Btulation of cells in the Gl phq^^of the cell 
cycle. 

The srml-1 mutation also suppressed a deletion. . . cells. Together, 
these phenotypes suggest that the wild-type SRM1 product is a component 



to 



the pheromone response pathway. Deletion of STE4 or STE5 
, which are required in both haploid cell types for mating and response 

pheromone, was not suppressed by srml-1, suggesting that the SRM1 product 
may function before the STE4 and STE5 products. SRM1 

is an essential gene and is expressed in both haploid cell types as well 
as in the product. 
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AB The ste mutants (ste2, ste4, ste5, 

ste7, stell, and stel2) are insensitive to 

mating factors and are, therefore, sterile. Roles of the 

STE gene products in the GPAl-mediated mating factor signaling 

pathway were studied by using ste gpal double mutants. Mating 

efficiency of a ste2 mutant defective in the alpha-factor 

receptor increased 1,000-fold in a gpal background, while Gl arrest and 

aberrant morphology (shmoo) caused by gpal were not suppressed by 

ste2. Furthermore, the steady-state level of the 

FUS1 transcript, which normally increases in response to mating 

factors, was also elevated when the GPA1 function was impaired. These 

results suggest that the GPA1 protein functions downstream of the 

STE2 receptor. Conversely, the sterility of ste4 

, ste5, ste7, stell, and stel2 

mutants was not suppressed by gpal, but the lethal phenotype of gpal was 

suppressed by these ste mutations. Northern (RNA) blotting 

analysis revealed that the ste7, stell, and 

stel2 mutations caused reductions of 50 to 70% in the 

steady-state levels of the GPA1 transcript, while ste4 

had a slight effect and ste5 had no effect. This implies that 

the suppression by ste7, stell, and stel2 

could be due to reduced syntheses of additional components, including an 

effector, and that suppression by ste4 and ste5 may 

result from direct effects on the signaling pathway. The STE4, 

STE 5, STE 7 , STE11, and STE12 

products, therefore, appear to specify components of the signal 
transduction machinery, directly or indirectly, which function together 
with or downstream. 
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AB bearing either of two recessive mutations, sgpl and sgp2, in 

combination with the disruption mutation, showed a cell type nonspecific 
sterile phenotype, yet expressed the major alpha-factor gene (MF 
alpha 1) as judged by the ability to express a MF alpha. . . GPA1 
locus. The sgp2 mutation was not linked to GPA1 and was different from 

the 

previously identified cell type nonspecific sterile mutations ( 
ste4, ste5, ste7, stell and 

ste!2) . sgp2 GPA1 cells showed a fertile phenotype, indicating 

that the mating defect caused by sgp2 is associated with the loss of GPA1 

function. While expression of a FUSl-lacZ fusion gene was 

induced in wild-type cells by the addition of alpha-factor, mutants 

bearing sgpl or sgp2 as well as gpal::HIS3 constitutively expressed 

FUSl-lacZ. These observations suggest that GPA1 (SGP1) and SGP2 

are involved in mating factor-mediated signal transduction, which causes 

both cell cycle arrest in the late Gl phase and induction of genes 

necessary for mating such as FUS1 . 
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AB cerevisiae whose expression is affected by cell type or by the 

mating pheromones . From this screen we identified a gene, FUS1, 
whose pattern of expression revealed interesting regulatory strategies 

and 

whose product was required for efficient cell fusion during mating. 
Transcription of FUS1 occurred only in a and alpha cells, not in 



a/alpha cells, wher^M; was repressed by al X alpha regulatory 
activity present uni^ely in a/alpha cells. Transcrij^Kn of FUS1 
showed an absolute requirement for the products of five STE 
genes, STE 4 , STE 5, STE7, STE11, 
and STE12. Since the activators STE 4 , STE 5, 

and STE12 are themselves repressed by al X alpha 2, the failure 
to express FUS1 in a/alpha cells is probably the result of a 
cascade of regulatory activities; repression of the activators by al 
alpha 2 in turn precludes transcription of FUS1 . In addition to 
regulation of FUS1 by cell type, transcription from the locus 
increased 10-fold or more when a or alpha cells were exposed to the 
opposing mating pheromone. To investigate the function of the Fusl 
protein, we created fusl null mutants. In fusl X 
fusl matings, the cells of a mating pair adhered tightly and 
appeared to form zygotes. However, the zygotes were abnormal. Within, 
the conjugation bridge the contained a partition that prevented 

nuclear 

fusion and mixing of organelles. The predicted sequence of the 
Fusl protein (deduced from the FUS1 DNA sequence) and 
subcellular fractionation studies with Fusl-beta-galactosidase 
hybrid proteins suggest that Fusl is a membrane or secreted 
protein. Thus, Fusl may be located at a position within the cell 
where it is poised to catalyze cell wall or plasma membrane. 
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L10 ANSWER 1 OF 5 MEDLINE 

AB ... synthesis. Analysis of mating mixtures of chs5 cells reveals 
that 

cells agglutinate and make contact but fail to undergo cell fusion 
. The chs5 mating defect can be partially rescued by FUS1 and/or 
FUS2, two genes which have been implicated previously in cell 
fusion, but not by FUS3. In addition, mating efficiency is much 
lower in fusl fus2 x chs5 than in fusl fus2 x wild 

type crosses. Our results indicate that Chs5p plays an important role in 
the cell fusion step of mating. 



=> d kwic 2-4 



L10 ANSWER 2 OF 5 MEDLINE 

AB Pheromone signalling in Saccharomyces cerevisiae is mediated by the 
STE4-STE18 G-protein beta gamma subunits. A possible 
target for the subunits is Ste20p, whose structural homolog, the 
serine/threonine kinase PAK, is activated by GTP-binding p21s Cdc42 and 
Racl. The putative Cdc42p-binding domain of Ste20p, expressed as 
a fusion protein, binds human and yeast GTP-binding Cdc42p. 
Cdc42p is required for alpha-factor-induced activation of FUS1 
.cdc24ts strains defective for Cdc42p GDP/GTP exchange show no pheromone 
induction at restrictive temperatures but are partially rescued by 
overexpression of Cdc42p, which is potentiated by Cdc42pl2V mutants. 



Epistatic analysis :^Bcates that CDC24 and CDC42 liq^^tween STE4 

and STE20 in the pat^^ay. The two-hybrid system reveaSKl that 

Ste4p interacts with Cdc24p. We propose that Cdc42p plays a 

pivotal role both in polarization of the cytoskeleton and in pheromone . 



L10 ANSWER 3 OF 5 MEDLINE 

AB In Schizosaccharomyces pombe, the fusl mutation blocks 

conjugation at a point after cell contact and agglutination. The cell 

walls separating the mating partners are not degraded, which prevents 

cytoplasmic fusion. In order to investigate the molecular 

mechanism of conjugation, we cloned the fusl gene and found that 

it is capable of encoding a 1, 372-amino-acid protein with no significant 

similarities to other known proteins. Expression of the fusl 

gene is regulated by the developmental state of the cells. Transcription 

is induced by nitrogen starvation and requires a pheromone signal in both 

P and M cell types. Consequently, mutants defective in the pheromone 

response pathway fail to induce fusl expression. The 

stell gene, which encodes a transcription factor controlling 

expression of many genes involved in sexual differentiation, is also 

required for transcription of fusl. Furthermore, deletion of two 

potential Stell recognition sites in the fusl promoter 

region abolished transcription, and expression could be restored when we 

inserted a different Stell site from the matl-P promoter. Since 

this element was inverted relative to the fusl element, we 

conclude that activation of transcription by Stell is 

independent of orientation. Although the fusl mutant has a 

phenotype very similar to that of Saccharomyces cerevisiae fusl 

mutants, the two proteins appear to have different roles in the process 

of 

cell fusion. Budding yeast Fusl is a typical membrane 
protein and contains an SH3 domain. Fission yeast Fusl has no 
features of a membrane protein, yet it appears to localize to the 
projection tip. A characteristic proline-rich potential. 

L10 ANSWER 4 OF 5 MEDLINE 

AB ... bearing either of two recessive mutations, sgpl and sgp2, in 

combination with the disruption mutation, showed a cell type nonspecific 

sterile phenotype, yet expressed the major alpha-factor gene (MF 

alpha 1) as judged by the ability to express a MF alpha 1-lacZ 

fusion gene. The sgpl mutation was closely linked to gpal::HIS3 

and probably occurred at the GPA1 locus. The sgp2 mutation was not linked 

to GPA1 and was different from the previously identified cell type 

nonspecific sterile mutations (ste4, ste5, 

ste7, stell and stel2) . sgp2 GPA1 cells showed 

a fertile phenotype, indicating that the mating defect caused by sgp2 is 
associated with the loss of GPA1 function. While expression of a 
FUSl-lacZ fusion gene was induced in wild-type cells by 
the addition of alpha-factor, mutants bearing sgpl or sgp2 as well as 
gpal::HIS3 constitutively expressed FUSl-lacZ. These 

observations suggest that GPA1 (SGP1) and SGP2 are involved in mating 
factor-mediated signal transduction, which causes both cell cycle arrest 
in the late Gl phase and induction of genes necessary for mating such as 
FUSl. 
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L16 ANSWER 1 OF 243 MEDLINE 

AB ... were selectively enriched in the detergent-resistant 

glycosphingolipids and cholesterol-rich membranes (rafts) . Isolated rafts 
could infect the cell through a membrane fusion step 

and thus contained all of the components required to create a functional 
virion. However, they could be distinguished from the. 

L16 ANSWER 2 OF 243 MEDLINE 

AB ... transporter GLUT4 has similarities to regulated synaptic 

transmission. A recent study has now identified a key regulated component 
of the fusion step in the exocytosis of these 
GLUT4 -containing vesicles . 

L16 ANSWER 3 OF 243 MEDLINE 

AB ... bundles. Over the next few days, the stereocilia become 

progressively more disorganised and fuse together. Practically all hair 
cells show fused stereocilia by 3 days after birth, 
and there is extensive stereocilia fusion by 7 days. By 20 days, 
giant stereocilia are observed on top of the hair cells. At 1 and 3. 

controls take up the membrane dye FM1-43, suggesting that endocytosis 

occurs in mutant hair cells. One possible model for the fusion 

is that myosin VI may be involved in anchoring the apical hair cell 

membrane to the underlying actin-rich cuticular plate, . . . and in the 

absence of normal myosin VI this apical membrane will tend to pull up 

between stereocilia, leading to fusion. Copyright 1999 Academic 

Press . 

L16 ANSWER 4 OF 243 MEDLINE 

AB ... cells suggest that the calmodulin-MLCK system plays an essential 
role in the ATP-requiring priming stage but not in the Ca2 (+) -triggered 
fusion step in the exocytotic process in bovine adrenal 
chromaffin cells. 

L16 ANSWER 5 OF 243 MEDLINE 

AB Members of the syntaxin protein family participate in the docking- 
fusion step of several intracellular vesicular transport 

events. Tlglp has been identified as a nonessential protein required for 
efficient endocytosis as well. 

L16 ANSWER 6 OF 243 MEDLINE 

AB ... alkaline phosphatase and aminopeptidase I to the vacuole. The 
v-SNARE Nyvlp forms a SNARE complex with Vam3p in homotypic vacuolar 
fusion; however, we find that Nyvlp is not required for any of the 
three biosynthetic pathways to the vacuole. v-SNAREs were. . . to the 
prevacuolar compartment and with Sed5p in retrograde traffic to the 
cis-Golgi. The ability of Vtilp to mediate multiple fusion 
steps requires additional proteins to ensure specificity in 
membrane traffic. 

L16 ANSWER 7 OF 243 MEDLINE 

AB ... depolarizations by elevated extracellular [K+] . Findings were 

interpreted as sequential transitions between the previously 
characterized 



):^^ding the fusion step. The 

>f^vesicles to their docking sites 



pools of vesicles pi 

observed approach of^Tesicles to their docking sites ^tfh not explained in 
terms of free diffusion: most vesicles moved. . . binding sites at the 
plasma membrane. Vesicle mobility at the membrane was low, such that the 
sites of docking and fusion were in close vicinity. Both the rim 
region and confined areas in the centre of the footprint region were the. 

LI 6 ANSWER 8 OF 24 3 MEDLINE 

AB gpl20 and gp41. The extraviral portion (ectodomain) of gp41 

contains an alpha-helical domain that likely represents the core of the 
fusion-active conformation of the molecule. Here we report the 
identification and characterization of a minimal, autonomous folding 
subdomain that retains key. . . disulf ide-bonded loop sequence. 
N34(L6)C28 forms a highly thermostable, alpha-helical trimer. Point 
mutations within the envelope protein complex that abolish membrane 
fusion and HIV-1 infectivity also impede the formation of the 
N34(L6)C28 core. Moreover, N34(L6)C28 is capable of inhibiting HIV-1 
envelope-mediated membrane fusion. Taken together, these results 
indicate that the N34(L6)C28 core plays a direct role in the membrane 
fusion step of HIV-1 infection and thus provides a 

molecular target for the development of antiviral pharmaceutical agents. 
L16 ANSWER 9 OF 243 MEDLINE 

AB Vesicles undergo sequential transitions between several states 

of 

differing fluorescence intensity and mobility. The transitions are 
reversible, except for the fusion step, and even in 
nonstimulated conditions the vesicles change states in a dynamic 
equilibrium. Stimulation selectively speeds up the three forward, 
mobility in all three dimensions upon approach of the plasma membrane. 
Their movement is directed and targeted to the docking fusion 
sites. Sites of vesicle docking and exocytosis are distributed 
non-uniformly over the studied "footprint" region of the cell. While some 
areas are the sites of repeated vesicle docking and fusion, 
others are completely devoid of spots. Vesicular mobility at the membrane 
is confined, as if the vesicle were imprisoned in. 

L16 ANSWER 10 OF 243 MEDLINE 

AB Glucose metabolism is essential for successful gamete fusion in 

the mouse. Although the metabolic activity of the oocyte does not appear 
to play a significant role in the fusion step, the 

metabolic role of the spermatozoon is not known. The aim of this study 



was 



therefore to characterize the role. 
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In Schizosaccharomyces pombe, the fusl mutation blocks conjugation at a 
point after cell contact and agglutination. The cell walls separating the 
mating partners are not degraded, which prevents cytoplasmic fusion. In 
order to investigate the molecular mechanism of conjugation, we cloned 

fusl gene and found that it is capable of encoding a 1 , 372-amino-acid 
protein with no significant similarities to other known proteins. 
Expression of the fusl gene is regulated by the developmental state of 

cells. Transcription is induced by nitrogen starvation and requires a 
pheromone signal in both P and M cell types. Consequently, mutants 
defective in the pheromone response pathway fail to induce fusl 
expression. The stell gene, which encodes a transcription factor 
controlling expression of many genes involved in sexual differentiation, 
is also required for transcription of fusl. Furthermore, deletion of two 
potential Stell recognition sites in the fusl promoter 

region abolished transcription, and expression could be restored when we 
inserted a different Stell site from the matl-P promoter. Since this 
element was inverted relative to the fusl element, we conclude that 
activation of transcription by Stell is independent of orientation. 
Although the fusl mutant has a phenotype very similar to that of 
Saccharomyces cerevisiae fusl mutants, the two proteins appear to have 
different roles in the process of cell fusion. Budding yeast Fusl is a 
typical membrane protein and contains an SH3 domain. Fission yeast Fusl 
has no features of a membrane protein, yet it appears to localize to the 
projection tip. A characteristic proline-rich potential SH3 binding site 
may mediate interaction with other proteins. 
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The FUS1 gene of Saccharomyces cerevisiae is transcribed in a and alpha 
cells, not in a/alpha diploids, and its transcription increases 
dramatically when haploid cells are exposed to the appropriate mating 
pheromone. In addition, FUS1 transcription is absolutely dependent on 
STE4, STE5, STE7, STE11, and STE12, genes thought to encode components of 
the pheromone response pathway. We now have determined that the pheromone 
response element (PRE), which occurs in four copies within the FUS1 
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upstream region, fui^^Jons as the FUS1 upstream acti\^^on sequence (UAS) 
and is responsible f^r all known aspects of FUS1 regu^Kion. In 
particular, deletion of 55 bp that includes the PREs abolished all 
transcription, and a 139-bp fragment that includes the PREs conferred 
FUSl-like expression to a CYCl-lacZ reporter gene. Moreover, three or 

four 

copies of a synthetic PRE closely mimicked the activity conferred by the 
139-bp fragment, and even a single copy of PRE conferred a trace of 
activity that was haploid specific and pheromone inducible. In the 
FUS1 promoter context, four copies of the synthetic PRE 
inserted at the site of the 55-bp deletion restored full FUS1 
transcription. Sequences upstream and downstream from the PRE cluster 

were 

important for maximal PRE-directed expression but, by themselves, did not 
have UAS activity. Other yeast genes with PREs, e.g., STE2 and BAR1, are 
more modestly inducible and have additional UAS elements contributing to 
the overall activity. In the FUS1 promoter, the PREs 

apparently act alone to confer activity that is highly stimulated by 
pheromone . 
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L24 ANSWER 1 OF 12 MEDLINE DUPLICATE 1 

AB protein dissociates from G-DNA. Second, MutY removes adenine 

from 

oG.A mismatches almost 30-fold faster than from G.A mismatches in a 
pre-steady-state assay, but deletion of the C-terminal 

domain reduces this specificity for oG.A to less than 4-fold. The kinetic 
data are consistent with a model in which binding of oG to the C-terminal 
domain of MutY accelerates the pre-steady-state 

glycosylase reaction by facilitating adenine base flipping. The 
observation that oG specificity derives almost exclusively from the 
C-terminal domain of MutY adds credence to the sequence analyses and 
suggests that specificity for oG.A mismatches was acquired by 
fusion of a MutT-like protein onto the core catalytic domain of an 
adenine-DNA glycosylase. 

L24 ANSWER 2 OF 12 MEDLINE DUPLICATE 2 

AB reverse transhydrogenation catalysed by this complex are 

probably 

limited by slow release from dill of NADPH and NADP+, respectively. The 
hybrid complex also catalysed high rates of Cyclic' 

transhydrogenation, indicating that hydride transfer, and exchange of 
nucleotides with dl, are rapid. Stopped-flow experiments revealed a 
rapid, 

monoexponential, single-turnover burst of reverse transhydrogenation in 
pre-steady-state. The apparent first-order rate constant 
of the burst increased with the concentration of rrdl . A deuterium 
isotope 

effect (kH/kD approximately. . . al . , Eur. J. Biochem. 257 (1998) 



202-209) , but the di^^rences are readily explained b^A greater 

dissociation constant^^f the hybrid complex. The steac^Pstate 

rate of reverse transhydrogenation by the rrdl:hsdlll complex was almost 
independent of pH, but there was a. 

L24 ANSWER 3 OF 12 MEDLINE 

AB found in Mycobacterium leprae, where TrxR and Trx are encoded by 

a single gene and, therefore, are expressed as a fusion protein 
(MITrxR-Trx) . This fusion enzyme is able to catalyze the 
reduction of thioredoxin or 5, 5 1 -dithiobis (2-nitrobenzoic acid) or 1, 
4 -naphthoquinone by NADPH, though the activity. . . the tethered Trx. 
The reductase has been expressed without Trx attached (MITrxR) . As 
reported here, comparison of the steady-state and pre- 
steady-state kinetics of MITrxR-Trx with those of MITrxR suggests 
that the low reductase activity of the fusion enzyme is an 
inherent property of the reductase, and that any steric limitation caused 
by the attached thioredoxin in the fusion protein makes only a 
minor contribution to the low activity. Titration of MITrxR-Trx and 

MITrxR 

with 3-aminopyridine adenine dinucleotide phosphate. 

L24 ANSWER 4 OF 12 MEDLINE DUPLICATE 3 

AB stem cells are formed or how their identity is initially 

established. To investigate these questions we have used the P-M 
hybrid dysgenesis syndrome as a tool for ablating the "pre 
-stem cell" progenitors of the stem cells. Our experiments 
indicate that the pre-stem cells in females assume 

stem cell identity during the early pupal stage. Our results also suggest 
a model in which at least two pre-stem cells must be 

present within an ovariole for the specification of stem cell fate. When 
only a single pre-stem cell is sequestered by an 

ovariole, this cell does not assume stem cell identity, but instead 
follows the cystoblast-cystocyte differentiation. 

L24 ANSWER 5 OF 12 MEDLINE DUPLICATE 4 

AB ... 34 kDa. We have developed an expression vector that allows the 

isolation of 40 mg of a glutathione S-transf erase (GST) -BVR-A 

fusion protein from 1 litre of culture. The fusion 

protein (60 kDa) behaves as a dimer on gel filtration (120 kDa), so that 
we have artificially created a BVR-A dimer. The recombinant rat kidney 
enzyme exhibits pre- steady-state 1 burst 1 kinetics that 
show a pH dependence similar to that already described for ox kidney 
BVR-A. Similar behaviour was obtained. 

L24 ANSWER 6 OF 12 MEDLINE DUPLICATE 5 

AB two naturally occurring enzyme variants (CATI and CATIII) . The 

introduced charge change greatly facilitates the purification of 
CATI/CATIII and CATIII/CATIII hybrid trimers by ion-exchange 
chromatography. Hybrids containing only one functional active 
site per trimer were generated in vitro by reversible denaturation of 
mixtures of "active" subunits (retention of a catalytic histidine at 
position 195) and "inactive" subunits (with alanine replacing histidine 
195) . Such hybrids were used (1) to demonstrate that the 
previously observed novel binding of a steroidal antibiotic (fusidic 

acid) 

by CATI involves amino acid residues at each subunit interface and (2) to 
identify specific residues contributing to such interactions. A 
pre-steady-state kinetic characterization of homotrimers 

containing the H195A substitution also revealed that fusidate binding to 
CATI may, like chloramphenicol binding, involve. 

L24 ANSWER 7 OF 12 MEDLINE DUPLICATE 6 

AB ... of the enzyme with a single Cys at position 221 (derived from a 
gene that was the product of spontaneous fusion) showed that 
this enzyme is still subject to substrate activation [Zeng, X., 
Farrenkopf, B., Hohmann, S., Jordan, F., Dyda, F.,. . . but not at 
C222, leads to abolished substrate activation according to a number of 
kinetic criteria, both steady state and pre steady 

state. On the basis of the three-dimensional structure of the enzyme 



[Dyda, F. , Furey, W.^^*aminathan, S., Sax, M. , Farre^^pf, 



L24 ANSWER 8 OF 12 MEDLINE DUPLICATE 7 

AB Mechanistic and structural comparisons of five catalytic monoclonal 
antibodies generated from the same hybridoma fusion 

indicated that all five hydrolyze phenyl acetate by subtle variations of 
the same mechanism. All of the antibodies showed a pre- 
steady-state multi-turnover burst in which kcat and Km declined 
but kcat/Km did not change. The burst of one of the antibodies, . 

L24 ANSWER 9 OF 12 MEDLINE DUPLICATE 8 

AB components, including collagen, contribute significantly to 

arteriosclerotic changes in the arterial vessel wall. We localized cells 

actively synthesizing collagen by hybridizing 35S-labeled RNA 

probes complementary to type I and III collagen mRNA with cytoplasmic 

mRNA 

in frozen sections of surgically removed. . . model for comparing mRNA 
levels in areas of high blood pressure-induced wall thickening and in 
unaffected post-stenotic areas. In situ hybridization revealed 
increased expression of type I and III collagen mRNA in intimal cells and 
in cells adjacent to the medial-adventitial border in the pre- 
stenotic part of the coarctation. In contrast, cells of the 
post-stenotic area showed only a very low signal. No immunohistologically 
detectable macrophages were seen in the pre-stenotic 

subendothelial areas where mRNA levels were enhanced. Higher collagen 

mRNA 

levels therefore occur in particular regions of high blood 
pressure-induced arterial wall thickening in the absence of macrophages. 
The results suggest that in situ hybridization is suitable for 
detection of locally occurring transcriptional activation of cells for 
collagens in the vessel wall. 

L24 ANSWER 10 OF 12 MEDLINE DUPLICATE 9 

AB ... a few weeks in most cases. The onset age of the shift in 
preference agreed with the onset age of fusion-rivalry 
discrimination found in a previous study (Birch et al., 1985). The 
original preference for the bincularly orthogonal patterns may be. 
a grid (interocularly emergent intersections) over a grating, judging 



from 



results of two control experiments. These data suggest that the 
pre-stereoptic system non-selectively combines 

information from the two eyes without regard to edge orientation because 
it loses eye-of-origin information at a relatively early stage of 
binocular visual processing. Thus, the pre-stereoptic 
system does not have the capability of interocular suppression. The 
theoretical and clinical significance of the new findings are discussed. 



L24 ANSWER 11 OF 12 MEDLINE DUPLICATE 10 

AB ... of irradiated males. Male C57BL/6 mice were irradiated (75-600 
rad X-rays to the testes) and were then bred in the pre- 
sterile period to untreated C57BL/6 females. The sperm of their 
male progeny were examined for the frequency of sperm abnormalities. 
Variant. . . number of animals studied, similar differences were 
observed with irradiated male SWR, C3H/He in inbred crosses and with 
C57BL/6 in hybrid crosses with C3H/He females. In contrast, 
matings of males made at longer times following irradiation did not lead 
to a. 

L24 ANSWER 12 OF 12 MEDLINE 

AB The culture conditions for the development in vitro of (C57BL/6 x CBA) F2 
hybrid two-cell embryos to the blastocyst stage have been 
optimized. Commercially available pre-sterile 

disposable plastic culture dishes supported more reliable development 

than 

re-usable washed glass tubes. The presence of an oil layer reduced the 
variability in development. An average of 85% of blastocysts developed 
from hybrid two-cell embryos cultured in drops of Whitten's 
medium under oil in plastic culture dishes in an atmosphere of 5% 02:. 
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L28 ANSWER 1 OF 11 MEDLINE DUPLICATE 1 

AB been shown to control Tecl function is the filament response 

element. We find that the TEC1 promoter also contains several 

pheromone response element sequences which are 

likely to be functional: TEC1 transcription is induced by mating factor, 

cell cycle regulated and dependent on the Ste4, Stel8 

and Ste5 components of the mating factor signal transduction 

pathway. Using alleles of the transcription factor Stel2 that 

are defective in DNA binding, transcriptional induction or cooperativity 

with other transcription factors, we find little correlation between 

TECl. 



L28 ANSWER 2 OF 11 MEDLINE DUPLICATE 2 

AB In the yeast Saccharomyces cerevisiae, Stel2p induces 

transcription of pheromone-responsive genes by binding to a DNA sequence 

designated the pheromone response element. 

We generated a series of hybrid proteins of Stel2p with the 

DNA-binding and activation domains of the transcriptional activator Gal4p 

to define a pheromone induction domain of Stel2p sufficient to 

mediate pheromone-induced transcription by these hybrid proteins. A 

minimal pheromone induction domain, delineated as residues 301 to 335 of 

Stel2p, is dependent on the pheromone mitogen-activated protein 

(MAP) kinase pathway for induction activity. Mutation of the three serine 

and threonine. . . potentiate transcription depends on the activity of 

an adjacent activation domain. These results suggest that the pheromone 

induction domain of Stel2p mediates transcriptional induction 

via a two-step process: the relief of repression and synergistic 

transcriptional activation with another activation domain. 

L28 ANSWER 3 OF 11 MEDLINE DUPLICATE 3 

AB The Stel2p transcription factor controls the expression of Tyl 

transposable element insertion mutations and genes whose products are 
required for mating in Saccharomyces cerevisiae. The binding site for 
Stel2p is a consensus DNA sequence known as a pheromone 
response element (PRE) . Upstream activating sequences 
(UASs) derived from known Stel2p-dependent genes have previously 
been characterized to require either multiple PREs or a single PRE 
coupled 

to a binding site for a second protein. The Stel2p-dependent UAS 

from Tyl, called a sterile response element (SRE) , is of the 

second type and is comprised of a PRE and an adjacent TEA (TEF-1, Tecl, 

and AbaA motif) DNA consensus sequence (TCS) . In this report, we show by 

UV cross-linking analysis that two proteins, Stel2p and a 

protein with an apparent size of 72 kDa, directly contact the Tyl SRE. 

Other experiments show that Teclp. . . the Tyl SRE and yet another set 



of combinatorial int^^^tions that achieve a qualitat^^Ly distinct mode 
of transcriptional r^^ilation with Stel2p. 
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AB KAR3 and CIK1 during S/G2 phase was independent of KAR4 . A 30-bp 

region upstream of KAR3 conferred both KAR4- and STE12-dependent 
induction by mating pheromone. This region contained one moderate and two 
weak matches to the consensus pheromone response 
element to which the Stel2p transcriptional activator 
binds and five repeats of the sequence CAAA(A) . Overproduction of 
Stel2p suppressed the kar4 defect in KAR3 induction and nuclear 
fusion. In contrast, Stel2p-independent expression of Kar4p did 
not alleviate the requirement for Stel2p during KAR3 induction. 
We propose that Kar4p assists Stel2p in the pheromone-dependent 
expression of KAR3 and CIK1, KAR4 defines a novel level of regulation for 
the pheromone response pathway, acting at a subset of Stel2p 
-inducible genes required for karyogamy. 

L28 ANSWER 5 OF 11 MEDLINE DUPLICATE 5 

AB insertion mutations of Saccharomyces cerevisiae activate 

transcription of adjacent genes in a cell-type dependent manner. This 
activation requires at least STE12 and TEC1 gene products. The 
binding site for the STE12 protein is located in the 
sterile responsive element (SRE) , which is just downstream the 5 f 
LTR of Tyl and contains one copy of the pheromone 
response element (PRE) . This report defines the 
sequences in Tyl required for TECl-dependent activation using a 
TDH3: : lacZ 

reporter gene in which the. . . different portions of a Tyl or Ty2 
element. The Tyl SRE seems to be sufficient to ensure the TEC1 and 
STE12-mediated activation whereas Ty2 SRE can activate the 
expression of the adjacent genes in the absence of both proteins. 
Adjacent 

to. . . and Ty2 sequences show that Tyl PAE is required for the 
activation of adjacent gene expression in a TEC1 and STE12 
-dependent manner. The use of a LexA::TECl construct indicates that the 
chimeric protein has no activation ability suggesting that TEC1 could. 
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AB ... for the basal level of transcription of cell-type-specific 

genes, 

as well as the induced level observed after pheromone treatment. The 
STE12 protein binds to the DNA sequence designated the 
pheromone response element and is a target of 

the pheromone-induced signal. We generated 6-nucleotide linker insertion 
mutants, internal-deletion mutants, and carboxy-terminal truncation 
mutants of STE12 and assayed them for their ability to restore 
mating and transcriptional activity to a stel2 delta strain. Two 
of these mutant proteins retain the capacity to mediate basal 
transcription but show little or no induced. . . the ability to 
respond 

to pheromone by increasing gene expression is essential for the mating 
process. Since distinct domains of STE12 appear to be required 
for basal versus induced transcription, we suggest that the 
pheromone-induced signal is likely to target residues. . . from those 
targeted by the basal signal because of the constitutive activity of the 
response pathway. Our analysis of mutant STE12 proteins also 
indicates that only the DNA-binding domain is sensitive to the small 
changes caused by the linker insertions. In addition, we show that, while 
the carboxy-terminal sequences necessary for STE12 to form a 
complex with the transcription factor MCM1 are not essential for mating, 
these sequences are required for optimal. 

L28 ANSWER 7 OF 11 MEDLINE DUPLICATE 7 

AB Sterile mutants of Saccharomyces cerevisiae were isolated from 

alpha * cells having the a/alpha aarl-6 genotype (exhibiting alpha mating 
ability and weak a mating ability as a result of a defect in al-alpha 2 
repression) . Among these sterile mutants, we found two 



l^^^ith putative ste7, stell 
5 ^^the signal transduction pathwa^Ki 



ste5 mutants togethe 

, and stel2 mutants '^r^the signal transduction pathwa^^f mating 
pheromones. The amino acid sequence of the Ste5p protein 
predicted from the nucleotide sequence of a cloned STE5 DNA has 
a domain rich in acidic amino acids close to its C terminus, a 
cysteine-rich sequence, resembling part of. . . and a possible target 
site of cyclic AMP-dependent protein kinase at its C terminus. Northern 
(RNA) blot analysis revealed that STE5 transcription is under 
al-alpha 2-Aarlp repression. The MAT alpha 1 cistron has a single copy of 
the pheromone response element in its 5' 

upstream region, and its basal level of transcription was reduced in 

these 

ste mutant cells. However, expression of the MAT alpha 1 cistron 
was not enhanced appreciably by pheromone signals. One of the ste5 
mutant alleles conferred a sterile phenotype to a/alpha aarl-6 
cells but a mating ability to MATa cells. 

L28 ANSWER 8 OF 11 MEDLINE DUPLICATE 8 

AB The STE 12 protein of the yeast Saccharomyces cerevisiae binds to 
the pheromone response element (PRE) present 

in the upstream region of genes whose transcription is induced by 
pheromone. Using DNase I footprinting assays with bacterially made 
STE12 fragments, we localized the DNA-binding domain to 164 amino 
acids near the amino terminus. Footprinting of oligonucleotide-derived 
sequences containing one PRE, or two PREs in head-to-tail or tail-to-tail 
orientation, showed that the N-terminal 215 amino acids of STE 12 
has similar binding affinity to either of the dimer sites and a binding 
affinity 5- to 10-fold lower for the. . . was also evident on a 
fragment from the MFA2 gene, which encodes the a-f actor pheromone. On 

this 

fragment, the 215-amino-acid STE 12 fragment protected both a 

consensus PRE as well as a degenerate PRE containing an additional 

residue. Mutation of the degenerate. . . The ability of PREs to 

function as pheromone-inducible upstream activation sequences in yeast 

correlated with their ability to bind the STE 12 domain in vitro. 

The sequence of the STE12 DNA-binding domain contains 

similarities to the homeodomain, although it is highly diverged from 

other 

known examples of this motif. Moreover, the alignment between 

STE 12 and the homeodomain postulates loops after both the putative 

helix 1 and helix 2 of the STE12 sequence. 
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AB increases dramatically when haploid cells are exposed to the 

appropriate mating pheromone. In addition, FUS1 transcription is 
absolutely dependent on STE4, STE5, STE7, 
STE11, and STE12, genes thought to encode components of 
the pheromone response pathway. We now have determined that the 
pheromone response element (PRE), which occurs 

in four copies within the FUS1 upstream region, functions as the FUS1 
upstream activation sequence (UAS) and. . . were important for maximal 
PRE-directed expression but, by themselves, did not have UAS activity. 
Other yeast genes with PREs, e.g., STE2 and BAR1, are more 
modestly inducible and have additional UAS elements contributing to the 
overall activity. In the FUS1 promoter, . 

L28 ANSWER 10 OF 11 MEDLINE DUPLICATE 9 

AB ... requirements for conferring both a and alpha mating pheromone 

inducibilities onto a heterologous promoter. Here we show that the 

repetitive pheromone response element (PRE) 

which binds to STE12 protein is sufficient to confer pheromone 
responsiveness only when present in multiple copies. Moreover, by itself, 
it is preferentially responsive to alpha factor in a cells. In contrast, 

a 

single copy of the PQ box of the STE 3 upstream activation 

sequence (UAS) is sufficient to confer a-factor responsiveness in alpha 

cells. The PQ box binds both MCM1 and. 
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AB ... inducible cj^Ms, arresting cell division, ar^^korming 

cell-surface projectrons. These responses are dependen^on the activity 

of 

several genes, including STE12, whose product binds to the 
pheromone response element located within the 

regulatory DNA sequences of inducible genes. We assayed the effects 
overproducing the STE12 protein in both STE+ cells, as 
well as ste2, ste7, and stell mutant cells. 

We find that overproduction leads to increased transcription of 
pheromone-inducible genes and is able to suppress the mating defect 

the 

ste mutants. These results suggest that one effect of pheromone 
treatment may be to increase the ability of the STE12 protein to 
activate transcription. In addition, we observed that cells cannot 
tolerate very high levels of the STE12 protein, and many arrest 
in Gl with a large size and morphological changes. Thus, constitutively 
high-level transcription of pheromone-inducible genes. 
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The transcription factor Tecl is involved in pseudohyphal differentiation 
and agar-invasive growth of Saccharomyces cerevisiae cells. The sole 
element in the TEC1 promoter that has thus far been shown to control Tecl 
function is the filament response element. We find that the TEC1 promoter 
also contains several pheromone response 

element sequences which are likely to be functional: TEC1 
transcription is induced by mating factor, cell cycle regulated and 
dependent on the Ste4, Stel8 and Ste5 

components of the mating factor signal transduction pathway. Using 
alleles 

of the transcription factor Stel2 that are defective in DNA 
binding, transcriptional induction or cooperativity with other 
transcription factors, we find little correlation between TEC1 transcript 
levels and agar-invasive growth. 
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AB In the yeast Saccharomyces cerevisiae, Stel2p induces 

transcription of pheromone-responsive genes by binding to a DNA sequence 

designated the pheromone response element. 

We generated a series of hybrid proteins of Stel2p with the 

DNA-binding and activation domains of the transcriptional activator Gal4p 

to define a pheromone induction domain of Stel2p sufficient to 

mediate pheromone-induced transcription by these hybrid proteins. A 

minimal pheromone induction domain, delineated as residues 301 to 335 of 

Stel2p, is dependent on the pheromone mitogen-activated protein 

(MAP) kinase pathway for induction activity. Mutation of the three serine 

and threonine residues within the minimal pheromone induction domain did 

not affect transcriptional induction, indicating that the activity of 

this 

domain is not directly regulated by MAP kinase phosphorylation. By 
contrast, mutation of the two tyrosines or their preceding acidic 
residues 

led to a high level of transcriptional activity in the absence of 
pheromone and consequently to the loss of pheromone induction. This 
constitutively high activity was not affected by mutations in the MAP 
kinase cascade, suggesting that the function of the pheromone induction 
domain is normally repressed in the absence of pheromone. By two-hybrid 
analysis, this minimal domain interacts with two negative regulators, 
Diglp and Dig2p (also designated Rstlp and Rst2p) , and the interaction is 
abolished by mutation of the tyrosines. The pheromone induction domain 
itself has weak and inducible transcriptional activity, and its ability 

to 

potentiate transcription depends on the activity of an adjacent 
activation 

domain. These results suggest that the pheromone induction domain of 
Stel2p mediates transcriptional induction via a two-step 
process: the relief of repression and synergistic transcriptional 
activation with another activation domain. 
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Summary 

A number of different Intracellular signaling pathways 
have been shown to be activated by receptor tyrosine 
kinases. These activation events include the phospho- 
inositide 3-kinase, 70 kDa S6 kinase, mftogen-acti- 
vated protein kinase (ftflAPK), phospholipase C-y, and 
the Jak/STAT pathways. The precise role of each of 
these pathways in cell signaling remains to be re- 
solved, but studies on the differentiation of mamma- 
lian PC1 2 cells in tissue culture and the genetics of cell 
fate determination in Drosophila and Caenorhabiditis 
suggest that the extracellular signal-regulated kinase 
(ERK-regulated) MAPK pathway may be sufficient for 
these cellular responses. Experiments with PC12 cells 
also suggest that the^uration of ERK activation is criti- 
cal for cell signaling decisions. 

Introduction 

Receptor tyrosine kinases are involved in signaling both 
cell proliferation and differentiation (reviewed by Schles- 
singer and Ullrich 1992). Their role in determining cell dif- 
ferentiation rather than proliferation is especially well ex- 
emplified from genetic studies in Caenorhabditis elegans 
and Drosophila melanogaster, in which signaling from the 
Let-23, sevenless, and torso receptors determines celt fate 
in the absence of proliferation (reviewed by Perrimon, 
1993; Dickson and Hafen, 1994). For mammalian cells in 
tissue culture, the stimulation of quiescent fibroblasts into 
DNA synthesis and the differentiation of the PC12 chro- 
maffin cell line into sympathetic neurones (Greene and 
Tischler, 1976) have been much-used experimental sys- 
tems to investigate receptor tyrosine kinase signaling. A 
central issue in attempting to understand receptor tyrosine 
kinase signaling is whether different receptors activate 
different signal transduction pathways and whether there 
are distinct pathways for differentiation and proliferation. 
Numerous studies show that, depending on where it is 
expressed, the same receptor can signal proliferation or 
differentiation; for example, the fibroblast growth factor 
receptor signals differentiation in PC12 neuronal cells but 
in fibroblasts stimulates proliferation. Such observations 
indicate the critical importance of cell context in under- 
standing signaling. 

Extensive work has now elucidated the principles of sig- 
nal transduction pathways from receptor tyrosine kinases. 
Following ligand binding, receptor dimerization, and auto- 
phosphorylation, Src homology 2 (SH2) domain-con- 



taining proteins are recruited to phosphorylated tyrosine 
residues on the receptor. These SH2 domain-containing 
proteins include the p85 components of the phosphoinosi- 
tide 3-kinase (PI3-kinase) pathway; phospholipase Oy in 
the protein kinase C pathway; Src family kinases; and 
p120-GAP, She, and Grb2 in the Ras pathway (reviewed 
by Schlessinger, 1994). In addition, receptor kinases are 
able to activate the p91STAT pathway (Fu and Zhang, 
1993; Siivennoinen et al., 1993; Sadowski et al. t 1993). 
Recruitment to phosphorylated tyrosine residues on re- 
ceptors leads to activation of the signaling molecule by a 
variety of mechanisms: tyrosine phosphorylation in the 
case of phospholipase C-y and STATs (Sadowski et al., 
1993); conformational changes induced by binding of the 
SH2 domain to phosphotyrosine for PI 3- kinases (Backer 
et al., 1992; Carpenter et al., 1993) and SH-PTP2 tyrosine 
phosphatase (Lechleider et al., 1993); and translocation 
to the plasma membrane for stimulation of Ras guanine 
nucleotide exchange by Sos (Quilliam et al., 1994; Aron- 
heim et al., 1994). 

Attempts to Determine Critical Signaling Events 
The issue regarding which of these signaling components 
are needed for cell proliferation or differentiation has been 
a much-studied area. Numerous attempts have been 
made to delineate the importance of a particular signaling 
component or receptor phosphotyrosine by constructing 
mutant receptors that lack individual tyrosine residues and 
therefore cannot recruit SH2-containing proteins to those 
sites. With a few exceptions, e.g., Coughlin et al. (1989), 
experiments with mutant receptors tend to show that dele- 
tion of any one single site does not compromise the stimu- 
lation of DNA synthesis. Such results suggest that there 
are either parallel signal transduction pathways, each of 
which can signal DNA synthesis, or that there is redun- 
dancy in signaling. One example of redundancy is clearly 
exemplified by the experiments of Valius and Kazlauskas 
(1 993), which showed that either of two tyrosine phosphor- 
ylation sites in the platelet-derived growth factor receptor 
is sufficient for activation of p21* M and stimulation of DNA 
synthesis. What is more difficult to conclude from such 
experiments is whether a known SH2-containing protein 
recruited to a particular site is essential to signaling since 
it is always possible to argue that there is another unknown 
protein recruited to the same site that is the critical signal- 
ing intermediate. 

A different way to approach the question of critical, sig- 
naling pathways comes from genetic studies. Strikingly 
for the Let-23, sevenless, and torso signaling pathways, 
defects in ligand or receptor can be compensated for by 
gain-of-function alleles of Ras (Fortini et al., 1992), Raf 
(Dickson et al„ 1992; Han et al., 1994), MEK (Tsuda et 
al., 1993), or extracellular signal-regulated kinase (ERK) 
(Brunner et al. , 1 994b), all of which lie in the same signaling 
pathway (see below). Such results are perhaps not so sur- 
prising with Ras or Raf for which it has been known for 
some time that oncogenic forms can liberate signal trans- 
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Both the receptor tyrosine kinase pathways 
and the stress response pathways contain a 
central core of a serine/threonine kinase, 
MAPKKK; a dual-specificity kinase, MAPKK; 
and a serine/threonine kinase, MAPK. Recep- 
tor tyrosine kinase signaling ocurrs through 
p2l *■*, and there is evidence that some stress 
responses, e.g., to ultraviolet radiation (UV), 
may also involve p21*"* (Hibi et aJ., 1993). Al- 
though MEKK-1 activation appears to be Ras- 
dependent (Lange-Carter and Johnson, 1994), 
there is no evidence yet for a direct interaction 
between Ras and MEKK-1. 

Note also that not all stimuli leading to Raf 
activation may be mediated by Ras (Howe et 
al., 1992; Fabian et al., 1994). 
Abbreviations: JNK, Jun kinase; MAPKAPK2, 
MAPK-activated protein kinase 2; PBS2, a 
dual-specificity protein kinase in the S. cerevis- 
iae osmotic regulation pathway; P04, phos- 
phate group; SAPks, stress-activated protein 
kinases; and SEK1, appears to be a dual- 
specificity protein kinase (MAPKK), which acti- 
vates the JNKs/SAPKs (Sanchez et al., 1994). 



Stress responses 
Growth arrest 



duction from extracellular signals. Injection, of oncogenic 
Ras into quiescent fibroblasts stimulates DNA synthesis 
in the absence of mitogen ic growth factors (Ferasmisco 
et al., 1984; Morris et al., 1 989). Oncogenic Ras and Raf 
will also mimic the effect of nerve growth factor (NGF) in 
stimulating neurite outgrowth in PC12 cells (Bar-Sagi and 
Ferasmico, 1985; Noda et al., 1985; Wood et al., 1993). 
It now appears that Ras may have at least two effectors, 
Raf and PI3-kinase (Rodriguez-Viciana et al., 1994), and 
activated Ras would therefore be expected to be able to 
exert a multiplicity of effects. However, it is more surprising 
that gain-of-function mutants of MEK and ERK overcome 
receptor defects since they lie on a single signal transduc- 
tion pathway downstream of Ras and Raf and would be 
expected to have more restricted effects^ The conclusion 
that activation of the ERK pathway is sufficient is strength- 
ened by the finding that expression of constitutively acti- 
vated forms of MEK, generated by site-directed mutagene- 
sis, induces mitogenesis and transformation in fibroblasts 
as well as differentiation of PC1 2 cells (Cowley et al., 1 994; 
Mansour et al., 1994). 

These results focus attention on the activation of the 
ERK family of mitogen-activated protein kinases (MAPKs) 
as a critical event in signal transduction from receptor tyro- 
sine kinases. We will therefore consider some of the as- 
pects of the control of this pathway and a model for how 
both differentiation and proliferation can be signaled by 
activation of this pathway. 



The Ras/Raf/MEK/ERK Pathway 

In the Ras/Raf/MEK/ERK pathway, a small guanine nucle- 
otide-binding protein links receptor tyrosine kinase activa- 
tion to a cytosolic protein kinase cascade. Central to the 
activation of this pathway is the activation of Ras to the 
GTP form through the promotion of guanine nucleotide 
exchange on Ras. This occurs through the complex of the 
exchange factor Sos and the adaptor protein Grb2 being 
recruited to tyros ine-phosphorylated receptors or through 
Shc-Grb2-Sos complexes (reviewed by Schlessinger, 
1994). 

The Ras/Raf/MEK/ERK pathway is one example of what 
are generically termed "MAPK" pathways. MAPK path- 
ways have as their "core" a three-component protein ki- 
nase cascade consisting of a serine/threonine protein ki- 
nase (MAPKKK), which phosphorytates and activates a 
dual-specificity protein kinase (MAPKK), which in turn 
phosphorylates and activates another serine/threonine 
protein kinase (MAPK) (Figure 1). In the Ras/Raf/MEK/ 
ERK pathway, Raf corresponds to MAPKKK, MEK corre- 
sponds to MAPKK, and ERK corresponds to MAPK. These 
pathways serve to link signals from the cell surface to 
cytoplasmic and nuclear events. In addition to the receptor 
tyrosine kinase-coupled Ras/Raf/MEK/ERK pathway, 
MAPK pathways mediate cell shape, osmotic integrity, 
and pheromone responses in yeasts (reviewed by Am- 
merer, 1994; Herskowitz, 1995 [this issue of Cell]), stress 
responses in mammalian cells (Han et al. , 1 994; Galcheva- 
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Gargova et al. ( 1994; Rouse et al., 1994), and cytokine 
signaling (Freshney et al M 1994) as well as the receptor 
tyrosine kinase-coupled Ras/Raf/M EK/ERK pathway. It is 
now emerging that there is a second MAPK pathway in 
mammalian cells that involves p21" as ; this pathway medi- 
ates some of the signals that result in the N-terminal phos- 
phorylation of Jun (Figure 1). It involves Ras, MEKK-1, a 
dual-specificity kinase (SEK1), and the MAPK Jun kinase 
(JNKs/SAPKs)(Hibi et al. f 1993; Minden etal., 1994; San- 
chez et al., 1994; Yan et al., 1994). 

As far as is known at present from experimental data 
and sequence comparisons, the mechanisms of activation 
of the MAPKKs and MAPKs are likely to be identical or 
very similar in all MAPK pathways. Activation of MEK has 
been shown to result from phosphorylation by Raf of two 
serine residues that are four amino acids apart in kinase 
subdomain VIII (Alessi et al., 1994; Zheng and Guan, 
1994). Two identically positioned serine residues or serine 
and threonine residues within a consensus motif, LID/ 
NSXANS/T, are found in all members of the MAPKK family 
thus far sequenced (for a recent compilation of MAPKK 
sequences, see Banuettand Herskowitz, 1994). Substitu- 
tion of the serine or threonine residues in this consensus 
with acidic amino acids to mimic phosphorylation leads 
to partial activation in MEK (Alessi et al., 1994; Mansour 
et al., 1 994). The conservation of the putative phosphoryla- 
tion sites means that itife very likely that all dual-specificity 
MAPKKs are regulated in the same way and that their 
activation can be mimicked by substituting negatively 
charged amino acids at these sites. All MAPKs contain a 
TXY motif in kinase subdomain VIII, the phosphorylation 
of which on threonine and tyrosine is essential for activity. 

While identical phosphorylation events are likely to be 
responsible for the activation of MAPKKs and MAPKs, 
there appear to be multiple mechanisms for regulating 
MAPKKKs. For the Schizosaccharomyces pombe phero- 
mone response pathway, there is an obligate requirement 
for direct interaction between active RasGTP and MAPKKK/ 
byr2 (Van Aelst et al., 1993). However, in the Saccharo- 
myces cerevisiae pheromone MAPK pathways, there does 
not appear to be a role for Ras in activating MAPKKK/ 
STE11; instead, a kinase STE20 is involved (Leberer et 
al., 1992). Similarly, in the S. cerevisiae cell wall pathway, 
the MAPKKK/BCK1 is activated by a protein kinase C ho- 
molog, PKC1 (Lee et al., 1993). 

The activation of Raf by receptor tyrosine kinases re- 
quires p21 Bas . Recent work demonstrates that the role of 
Ras is to recruit Raf to the plasma membrane (Leevers 
et al., 1994; Stokoe et al., 1994), where another tyrosine 
kinase-generated signal fully activates the membrane- 
bound Raf (Williams et al., 1992; Leevers et al., 1994; 
Fabian et al., 1994). Thus, tyrosine kinases generate two 
signals that interact to activate Raf; one signal is the forma- 
tion of RasGTP, while the other is unknown. Why two sig- 
nals should be required to fully activate Raf is a puzzle, 
but one rationalization is that two signals are used because 
Ras has multiple effectors. It is now clear that Ras is re- 
quired for the Raf/Mek/ERK pathway, for PI3-kinase acti- 
vation (Rodriguez-Viciana et al., 1994), and for a MAPK 
pathway involving MEKK-1 and the Jun kinases (Lange- 



Carter and Johnson, 1994; Minden et al., 1994). The sec- 
ond signal would then be needed to acheive specificity, 
otherwise every signal that activates Ras would activate 
all effector pathways. 

Although there is much still to learn about the roles of 
each component in MAPK pathways, at the present time 
it seems that MAPK is essentially the effector of each path- 
way. The role of MAPKKK may be solely to phosphorylate 
and activate MAPKK, and the only role of MAPKK is to 
phosphorylate and activate MAPK. However,- MAPK may 
have multiple substrates and therefore can set in motion 
a very wide range of events. In the case of the Ras/Raf/ 
MEK/ERK pathway, the substrates of ERK1 and ERK2 
include transcription factors and other kinases (reviewed 
by Blenis, 1993; Treisman, 1994; Hill and Treisman, 1995 
[this issue of Cell]). Genetic evidence from D. melanogas- 
ter strongly suggests that transcription factors are the tar- 
gets of receptor tyrosine kinase-mediated activation of 
ERKs. Phosphorylation of these transcription factors may 
relieve an inhibitory effect in the case of yan (Lai and Ru- 
bin, 1 992) or lead to activation in the case of pointed (Brun- 
ner et al., 1994a). 

In PC12 Cells, Cellular Responses Are Determined 
by the Duration of ERK Activation 
The response of PC12 cells to receptor tyrosine kinase 
activation has been extensively used as an experimental 
system to study signal transduction and how activation of 
some receptors leads to differentiation while the activation 
of others leads to proliferation. Treatment of PC12 cells 
with fibroblast growth factor or NGF leads to outgrowth 
of neurites and eventual cessation of cell division (Greene 
and Tischler, 1976), whereas treatment with epidermal 
growth factor (EGF) leads to a proliferative signal (Huff et 
al., 1981). An expectation of these studies was the identifi- 
cation of differentiation-specific pathways. One example 
has been found in the NGF, but not the EGF, stimulation 
of tyrosine phosphorylation of an 80 kDa protein, SNT 
(Rabin et al., 1993). At the qualitative level, many signal 
transduction events seem to be shared between differenti- 
ation and proliferation in PC12 cells (Chao, 1992). How- 
ever, notable quantitative differences are found between 
differentiation and proliferative signals. NGF stimulation 
results in a persistent elevation of RasGTP, whereas EGF 
produces only a short-lived rise in RasGTP (Muroya et 
al., 1992). ERK (MAPK) activation is sustained for several 
hours following NGF stimulation, but it is short lived after 
EGF stimulation (Heasley and Johnson, 1992; Travefse 
etal., 1992; Nguyen etal., 1993). In part, these differences 
may reflect the differences in receptor down-regulation of 
the EGF receptor and TrkA. Another difference between 
the two pathways is that EGF and NGF utilize different 
signal transduction pathways to stimulate RasGTP: the 
Grb2-Sos complex is directly bound to the EGF receptor, 
whereas TrkA stimulates She phosphorylation and the for- 
mation of Shc-Grb2-Sos complexes without direct bind- 
ing of Grb2-Sos to TrkA (Buday and Downward, 1993; 
Obermeier et al., 1994; Stephens et at., 1994). 

The association of prolonged ERK activation with NGF 
stimulation of PC12 cells has led to the idea that it is sus- 
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tained activation of this pathway that leads to differentia- 
tion. This is consistent with the findings that both onco- 
genic Ras and oncogenic Raf can stimulate neurite 
outgrowth (Noda et al., 1985; Wood et al. t 1993), since 
both of these oncoproteins would be expected to produce 
prolonged activation of ERKs (Leevers and Marshall, 
1992). Two different types of experiments lend support 
to the idea that there is no receptor-specific pathway of 
differentiation and that sustained activation of ERKs is 
sufficient for PC12 differentiation. In the first set of experi- 
ments, the effects of heterologous expression of receptors 
and alterations in endogenous receptor number have been 
examined. PC 12 cells do not express the platelet-derived 
growth factor receptor, but transfection of platelet-derived 
growth factor receptor constructs leads to PDGF-depen- 
dent differentiation and sustained activation of ERKs 
(Heasley and Johnson, 1992). The endogenous insulin 
receptor of PC12 cells does not trigger RasGTP loading, 
ERK activation, or differentiation (Ohmichi et al., 1993); 
however, if it is overexpressed, ERK is activated and differ- 
entiation results (Dikic et al., 1994). While stimulation of 
the endogenous EGF receptor does not lead to differentia- 
tion, overexpression leads to EGF-dependent differentia- 
tion and sustained activation of ERKs (Traverse et al., 
1994). Since the EGF receptor is more rapidly down- 
regulated than the NGFiteceptor through internalization 
and phosphorylation (Countaway et al., 1992), these re- 
sults suggest that it is the number of active cell surface 
receptors that determines whether ERK activation is sus- 
tained and differentiation results. An important corollary 
to receptor overexpression experiments comes from the 
converse approach. PC12 cell lines have been selected 
that do not respond to NGF as a differentiation signal. In 
these cells, the number of TrkA-NGF receptor molecules 
per cell is reduced, ERK activation is transient, and the 
response to NGF is proliferation (Schlessinger and Bar- 
Sagi, 1995). In every situation examined thus far, manipu- 
lating receptor numbers to produce differentation corre- 
lates with sustained activation of ERKs, whereas transient 
activation is not associated with differentiation. 

The second set of experiments suggesting that ERK 
activation is the key event in PC12 differentiation is the 
introduction of MEK mutants. Appropriate mutations in the 
phosphorylation sites of MEK1 that are the sites of activa- 
tion by Raf lead to activating and interfering mutants. The 
interfering mutants block ligand activation of ERK and 
block differentiation of PC12 cells, whereas the activating 
mutants induce neurite outgrowth in the absence of differ- 
entiating factors (Cowley et al., 1994). The effect of the 
activated MEK is direct rather than through the induction of 
growth factors that act back through cell surface receptors 
because induction of differentiation by activated MEK is 
not blocked by microinjection of Ras neutralizing antibod- 
ies, which block ligand-activated differentiation. 

A Model 

A model based on these experiments is one that shows 
cells can enact differentiation or proliferative responses 
to receptor tyrosine kinases purely on the basis of the 
duration of ERK activation. An attractive rationalization for 
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Figure 2. Sustained Activation Leads to Translocation of ERKs and 
the Induction of New Gene Expression 

The relative amount of ERK in the cytoplasm and the nucleus is indi- 
cated by the level of stippling. 

the manner by which sustained activation of ERKs can 
lead to a different cellular response than transient activa- 
tion rests on the observation that ERKs can translocate 
to the nucleus upon activation (Chen et al., 1 992). In every 
case examined thus far in PC1 2 cells, sustained ERK acti- 
vation is associated with translocation of ERKs to the nu- 
cleus (Traverse et al., 1992, 1994; Nguyen et al., 1993; 
Dikic et al., 1994), whereas transient activation does not 
lead to nuclear translocation. Transient activation will 
therefore have very different consequences for gene ex- 
pression compared with sustained activation because nu- 
clear accumulation of active ERK will result in phosphory- 
lation of transcription factors (Figure 2). In this way, the 
quantitative difference in ERK activation is translated into 
a qualitative difference in transcription factor activation. 
Implicit in this model is the idea that the cellular response 
is determined by which transcription factors are present 
in the cell. Thus, the activation of the receptor tyrosine 
kinase and the subsequent activation of ERKs is just the^. 
final switch that seals a fate determined by previous devel- 
opmental events that set which ERK-responsive transcrip- 
tion factors are present in the cell. It is not a requirement 
of this model that sustained activation of ERKs invariably 
leads to differentiation, whereas transient activation al- 
ways leads to proliferation. In other cell types, the con- 
verse may be true: it is clear that in fibroblasts, sustained 
activation of ERKs is associated with proliferation, not dif- 
ferentiation (Meloche et al., 1992; Mansour et al., 1994; 
Cowley et al., 1994). The important feature of the model 
is that cells can use transient and sustained activation of 
ERKs to determine different responses. 

The idea of sustained versus transient ERK activation 
being critical for changes in gene expression can be 
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readily extended to threshold effects in development, in 
which small changes in ligand concentration resulting from 
developmental gradients produce qualitative differences 
in gene expression (Green et al., 1992). Small differences 
in ligand concentration could lead to sustained versus 
transient ERK activation and thereby could lead to nuclear 
translocation to alter gene expression (Dikic et ai., 1994; 
Traverse et al., 1994). 

There are potentially many different ways for receptors 
to signal transient versus sustained ERK activation. It has 
already been demonstrated that differences in receptor 
number markedly affect the duration of ERK activation. 
As discussed above, small changes in ligand concentra- 
tion may have similar effects. The rate of internalization 
of receptors and whether they are down-regulated as a 
result of activation of the Ras/Raf/MEK/ERK pathway may 
also affect the duration of signaling. The EGF receptor 
may be more rapidly internalized than the NGF receptor 
and is subject to down-regulation through phosphorylation 
(Countway et al., 1992). In addition, different levels and 
kinetics of ERK activation could be generated by differen- 
tial usage of signaling pathways downstream of receptors. 
The activation of Ras has multiple pathways, including 
direct receptor-Grb2-Sos complexes (Buday and Down- 
ward, 1993), receptor-Syp-Grb2-Sos complexes (Li et al., 
1994), and Shc-Grb2-Sos complexes (Obermeier et al., 
1994; Stephens et af , 1994). There may also be Ras- 
(Burgering et al., 1993; Howe et al., 1992) and Raf- 
independent (Lange-Carter and Johnson, 1994) routes to 
ERK activation. Each of these different signaling pathways 
could have different consequences for the level and dura- 
tion of ERK activation and could be selectively used by 
different receptors to regulate the amplitude and duration 
of signaling. 

A serious limitation in applying this model to other sys- 
tems is that it is based wholly on experiments with PC12 
cells. It is conceivable that these cells may represent a 
very abnormal system and that, in other cell types, there 
are qualitative differences in signaling events for prolifera- 
tion versus differentiation. However, it is clear from studies 
in both C. elegans and D. melanogaster that the same 
components of receptor tyrosine kinase signaling that are 
involved in the decisions about cell fate are also involved 
in proliferation since defects in Ras, Raf, MEK, or ERK 
lead to reduced cell proliferation in embryos and are lethal 
(Dickson and Hafen, 1994; Tsuda et al., 1993; Perrimon, 
1993). 

Conclusions 

The arguments put forward here propose that when cells 
make decisions about proliferation versus differentiation 
through receptor tyrosine kinase signaling, they do it by 
differences in the duration of ERK activation. Such consid- 
erations highlight the importance in development of re- 
stricted expression of receptors and especially their li- 
gands (reviewed by Jessell and Melton, 1992). If the 
presence of growth factors and receptors was not limited 
in time and space, the activation of a pathway common 
to all receptor tyrosine kinases would be disastrous. In 
addition, prior developmental events limit which cells re- 



spond to ligand. At one level, this restriction could operate 
by limiting in which cells a transcription factor is ex- 
pressed, but restrictions must also operate at other levels. 
In the D. melanogaster eye, only the R7 cells respond to 
activation of the sevenless receptor by the bride of sev- 
enless ligand expressed on the R8 cell even though sur- 
rounding cells express the receptor and contact the ligand. 
Exactly where this restriction operates within the Ras/Raf/ 
MEK/ERK pathway is an intriguing issue. . 

In the model presented here, receptor tyrosine kinases 
work in development as switches to complete a develop- 
mental program determined by previous developmental 
events. This means that the outcome of receptor tyrosine 
kinase signaling depends both on the duration of ERK 
activation and cell context. A critical aspect of cell context 
will be which ERK-responsive transcription factors are 
present. 

This review has heavily emphasized the role of those 
receptor tyrosine kinase signaling events that result in 
ERK activation; the question then remains whether other 
signaling events contribute to differentiation or prolifera- 
tion. For example, PI3-kinase activation by recruitment of 
p85 subunits to either the NGF receptor or the fibroblast 
growth factor receptor is not necessary for the differentia- 
tion response of PC1 2 cells and does not appear to affect 
ERK activation (Obermeier et al., 1994; Spivak-Kroizman 
et al., 1994). Signaling events that do not regulate ERK 
activation may mediate aspects of tyrosine kinase signal- 
ing such as ligand-stimulated cell survival, cytoskeletal 
rearrangements, cell migration, and chemotaxis (Ridley 
et al., 1992; Ridley and Hall, 1992). This is illustrated by 
the finding that activation of protein kinase C by the c-Kit 
receptor appears to promote cell motility rather than mito- 
genesis (Blume-Jensen et al., 1993). It is possible that 
much of the specificity in receptor signaling is for purposes 
other than controlling proliferation and differentiation. 
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We have used a luciferase reporter gene under the tran- 
scriptional control of a cAMP response element (CRE) to 
monitor the effecto off G-protein 0 subunito on cAMP- 
reguloted gene enpreoolon ond to examine muscarinic ac- 
etylcholine receptor (smAChE) {functional coupling to G- 
proteins. Expression in JEG-3 cells of a mutationally 
activated G,o2 in which giutamine 205 is replaced with 
leucine (Q205L) decreased forskolin-stimuiated expres- 
sion firom the CRE-luciferase gene by up to 75%. Simi- 
larly, mutation of glycine 43 (corresponding to glycine 12 
in p21 n=9 ) to valine decreased forskolin-stimulated ex- 
pression from the CHE-luciferase gene by a maximum of 
60%, indicating that this mutation activates the G-pro- 
tein and Us potentially oncogenic HVansfection of the ac- 
tivated Q205L G 0 a oubunit decreased forskolin stimula- 
tion of CRE-lucif erase expression* Iransfected sxild type 
<Q o a was also able to couple the nm4 mAChR receptor to 
inhibition of AC. The amino-terminal myristoylation site 
was removed from wild type G,o-2 and Q205L G ( o-2 by 
changing glycine 2 to alanine (G2A). G,cr-2 with the €°*A 
and Q205L mutations was unable to decrease forsholin 
stimulation of CBE-mediated luciferase activity. . IFW- 
thermore, G2AG,o2 was unable to couple the m4 mAChR 
to inhibition of AC Thus, myristoylation is required both 
for the function of constitutively active Q205L G,a-2 and 
for receptor-mediated activation of wild type G t o-2* 



Guanine nucleotide binding regulatory proteins (G-proteins) 1 
are heterotrimers consisting of a, 0, and 7 subunits. The a 
subunit is unique for each G-protein and contains the site of 
GTP binding and hydrolysis as well as sites for receptor and 
effector interaction. This subunit can be a substrate for ADP- 
ribosylation by bacterial toxins, and some a subunits contain 
sites for the attachment of fatty acids such as myristic acid. 
Several forms of 0 and 7 subunits have also been identified. 
Their function is less well understood, but they are involved in 
direct signaling and possibly also in membrane localization. 
There are several classes of G-proteins, defined by their a sub- 
units. The best characterized are G B and G jf which, while 
named for their abilities to stimulate and inhibit adenylyl cy- 
clase (AC) can also interact with various ion channels. The 
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functional coupling of some of these G-proteins has been deter- 
mined; G 0 can regulate the activity of K* and Ca s * ion channels, 
G q couples to stimulation of phospholipase C, and G t can inhibit 
AC. Individual classes of G-proteins are capable r? coupling to 
multiple effectors; for example, G ( can activate both phospho- 
lipase C and K* ion channels in addition to inhibition of AC 
activity (see Simon et al (1991) and Spiegel et al. (1992) for 
review). 

Various mutations have been identified that constitutively 
activate the diverse G-protein a subunits. Activation is often 
due to inhibition of the intrinsic GTPase activity. Furthermore, 
the oncogenes gsp and gip2 have been shown to result from 
mutations in G 0 and G if respectively (Landis et al. t 1989; Lyons 
et a/., 1990). lb examine the function of various wild type and 
mutated G-proteins a subunits, we have used a luciferase re- 
porter gene under the transcriptional control of a cAMP re- 
sponse element (CRE) as a sensitive monitor of intracellular 
cAMP levels and cAMP-regulated gene expression. In JEG-3 
cells transfected with the CRE-luciferase construct, forskolin 
activation of AC resulted in a 7-10-fold increase in luciferase 
activity. This system has several advantages: one can detect 
small but physiologically relevant changes in intracellular 
cAMP levels and there is no background signal from untrans- 
fected cells. Furthermore, one can perform transient trans- 
fections to assay the functional consequences of diverse com- 
binations of cDNAs encoding proteins involved in signal 
transduction. We have used this system to examine the func- 
tion and coupling of wild type and mutated G-protein a sub- 
units. 

EXPERIMENTAL PROCEDURES 

DNA and Expression Vectors— The chick m4 mAChR genomic clone 
(Tietje et al, , 1990), the rat GjO-2 (Jones and Reed, 1987), the rat Q205L 
G 4 o-2 (Hermouet et al., 1991), the rat G e a (Jones and Reed, 1987), the 
rat Q205L G 6 a (Wong et al., 1992), the rat G2A G t a-2. ond the rat 
G2A.Q205L GiO-2 G-protein a subunit cDNAs were expressed in the 
expression vector pCD-PS (Bonner et al, 1988). The myristoylation 
deficient G-proteins G2A GjO-2 and G2A.Q205L G,o-2 were generated 
by using polymerase chain reaction to introduce the mutation glycine 2 
to alanine (Saiki et al., 1985). Tb ensure that the correct mutations were 
generated and that no other mutations were introduced, the fragments 
of DNA generated by polymerase chain reaction were sequenced 
(Sanger et al., 1977) using Sequenase (United States Biochemical 
Corp.). The human G,a-2 (Beals et al., 1987) and the G43V G,a-2 (Besls, 
1989) G-protein a subunit cDNAs were expressed in the expression 
vector pNUT (Palmiteref at., 1987). The a-inhibin CRE-luciferase plas- 
mid consisted of a CRE containing 74 bp BstXl (-170) to Afcol (-96) 
fragment from the a-inhibin promoter (Pei et al. , 1991) blunt end li gated 
into the TK-105 luciferase plasmid. The constitutively active RSV-8- 
galactoside construct (Edlund et al, 1985) has been described previ- 
ously (Day etai, 1989). 

OH Transfection and Cu/fune--JEG-3 cells were obtained from the 
America Type Culture Collection and were grown in Dulbecco's modified 
Eagle's medium (Life Technologies, Inc.) supplemented with 10% fetal 
calf serum. Transient transfection of JEG-3 cells and subsequent assays 
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of luciferase and 3-galactosidase activity were carried out as described 
by Mellon et al (1989). Cells seeded at 2.5 x 10* cells/15-mm well were 
transiently transfected with between 200 and 300 ng of total DNA by 
calcium phosphate precipitation 72 h after plating. The transfection 
mixes consisted of 16 ng/well of the a-inhibin CRE-luciferase gene con- 
struct, 40 ng/well of RSV-0-gaIactosidase to normalize for transfection 
efficiency, and 100 ng/well of receptor or G-protein plasm ids. Carrier 
DNA was used to ensure that all transfectiona within a given experi- 
ment have a constant amount of totai DNA. The medium was replaced 
24 h after transfection and cells were treated with the appropriate drug 
another 24 h later. Triplicate wells were treated with various drugs for 
5 h before harvesting of cells. 

Immunoblot Analysis of G-protein Expression — Immunoblot analysis 
of G-protein expression were carried out as described by Luetje et al. 
(1987). Two 60-80% confluent 100- mm plates of JEG-3 cells were tran- 
siently transfected with 10 ug of total DNA by calcium phosphate pre- 
cipitation. Forty-eight hours after transient transfection, cells were 
washed with ice-cold phosphate-buffered saline (20 nw NaH 2 P0 4 , 150 
ir NaCl, pH 7.4). Cells were scraped and dounce homogenized in 
phosphate-buffered saline containing protease inhibitors (0.4 mM phen- 
yl methylsulfonyl fluoride, 1 mM 1,10-phenanthroline, 1 mM iodoacet- 
amide. 1 um pepstatin A). Nuclei were removed by centrifugation at 
1000 x g for 5 min. Membranes were separated from the cytosol by 
centrifugation at 150.000 x g for 40 min. Samples from the membrane 
and cytosolic fractions were analyzed by SDS-polyacrylamide gel elec- 
trophoresis. Partially purified G s and G 0 , prepared as described by 
Milligan and Klee (1985), was obtained from Dr. A. M. Spiegel. Immu- 
noblot analysis was performed as described previously (Luetje et al t 
1987) using antisera AS7 (Goldsmith et al. t 1987) and alkaline phos- 
phatase-conjugated IgG for detection of G^-2, Q205L Gja-2, G43V 
G,a-2, G2A G^, and G2A.Q205L Gja-2. 

Assay of Luciferase Activity— After removal of media, transfected 
cells were harvested by solubilization in 100 ul of extraction buffer (100 
mm KTO 4f 4 mM ATP, 1.5 mM MgS0 4 , 1 mM dithiothreitol, 0.1% Triton 
X-100). 25 ul of cell extract was added to 350 ul of luciferase assay buffer 
( 100 mM KP0 4 , 4 nun ATP, 1.5 mM MgS0 4 ) in luminometer cuvettes. The 
luminometer injects 100 pi of o-luciferin (1 rim; Analytical Lumines- 
cence Laboratories, Inc:) into each sample and determines lumines- 
cence over 30 s. Luciferase counts were divided by 0-galactosidase val- 
ues (see below) to determine normalized luciferase activity. 

Assay of frGalactosidase Activity— 25 ul of cell extract were added to 
microtiter plate wells containing 200 ul of 0-galactosidase assay buffer 
(60 him NaP0 4 , 10 mM KC1, 1 mM MgCl„ 50 mM ^mercaptoethanol). 40 
pi of the 3-galactosidase substrate o-nitrophenyl-3-galactopyranoaide 
(2 mg/ml; Calbiochem) was added to each well and plates were colori- 
metrically assayed for 3-galactosidase activity. 

RESULTS 

Expression of Wild Type and Mutated Gp-2 Constructs in 
Transfected JEG-3 Cells— Previous studies using both North- 
ern blot and immunoblot analysis have reported that JEG-3 
cells express G^-l and GjO-3 but not Gjtt-2 or G 0 a (Montmayeur 
et a/., 1993). JEG-3 cells were transfected with the various 
Gja-2 constructs resulting in the transient expression of the 
corresponding proteins when cells were harvested 48 h later. 
The transfected proteins were identified on immunoblots of the 
soluble and particulate fractions of homogenized cells. Using 
the antiserum AS7 which is specific to G t a-l and ^0-2 with 
weak cross reactivity to Gja-3, we were able to visualize protein 
bands at approximately 40 kDa. Expression of wild type rat and 
human Gja-2, the glutamine 205 to leucine G,a-2 (Q205L), and 
the glycine 43 to valine Gp-2 (G43V) was easily detectable 
above background in the particulate fractions of vhe lysed and 
homogenized cells (Fig. 1A). There was no detectable expres- 
sion of these subunits in the soluble fraction of the transfected 
cells. Expression of the G ; a-2 constructs in which the amino- 
terminal myristoylation site has been removed by changing 
glycine 2 to alanine (G2A) was detectable in the soluble frac- 
tions of cell homogenates (Fig. IB). This is consistent with 
previous observatfons that myristoylation is necessary for 
membrane attachment of inhibitory G-proteins (Jones et al, 
1990; Mumby et al. t 1990). We did however detect significant 
amounts of the myristoylation mutants in the membrane firac- 



/ 



^ .m. i m n .m i jg ^w^i^i^^P^gp 



B 



Fig. 1. Expression of wild *ype and mutated G,«2 constructs in 
transiently transfected JEG-S cells, Immunoblot analyses of G-pro- 
tein expression were carried out as described by Luetje et al. (1987). 
Membranes and cytosolic fractions were prepared from transiently 
tranfected JEG-3 cells and subjected to SDS-polyacrylamide gel elec- 
trophoresis. The antisera AS7 was used for detection of human and rat 
wild type GiO-2. rat Q205L G,a-2, human G43V GjO-2, rat G2A GjO-2. 
and rat G2A.Q205L GjO-2. A, membrane protein (25 ug/lane). Lanes: /. 
purified G/G tt ; 2, control JEG-3; J. human wild type G^; 4, human 
G 13V Ga-2; 5, rat wild type G t «-2\ 6\ rat Q205L ^0-2; 7, rat G2A G,a-2; 
5, rat G2A.Q205L ^0-2. B, soluble proteins (60 ug/lane). Lanes: /, 
purified G/G.; 2, control JEG-3; 3, human wild type G,a-2; 4, hum in 
G43V 5, rat wild type G,o-2; 6, rat Q205L G ( a-2; 7, rat G2A GtO>2; 
8 t rat G2A.Q205L Gp-2. While expression of the human G43V GiO-2 in 
this blot appears to be greater than that of wild type human ^0-2, in 
two other experiments, expression of wild type human GjO-2 was equal 
to or greater than expression of G43V Gja-2. 

tions. Gallego et al. (1992) also observed this in immunoblots of 
these same constructs, and the nonmyristoylated yeast GPA1 a 
subunit can also be found in the membrane fraction (Stone et 
al. % 1991). While expression of G2A GjOt-2 in the membrane 
fraction appears to be less than that of the wild-type G/r-2, the 
total expression of G2A Gja-2 from both the membrane and 
cytosolic fractions is equal to or greater than the total expres- 
sion of the wild type GjO>2. Furthermore, immunoblots of tran- 
siently transfected COS-7 cells also showed that the expression 
levp's of wild type and mutant G2A G ( a-2 were identical (data 
not shovrn). 

~ Transient Expression of the Activated Q205L G t a-2 in JEG-3 
Cells Attenuates Forskolin Stimulation of CRE-mediated Lucif- 
erase Expression— Tb test the feasibility of using the CRE- 
luciferase assay to analyze functional mutations in G-protein a 
subunits, we compared the effects of wild type and constitu- 
tively activated Gp subunits. TVansfection of JEG-3 cells with 
a cDNA expression construct encoding the oncogenic Q205L 
G a-2 mutation decreases forskolin-stimulated expression from 
the CRE-mediated luciferase gene as compared with control 
DNA or wild type G t a-2 (Fig. 2). At low concentrations of for- 
skolin, stimulation of CRE-mediated luciferase expression was 
inhibited by up to 75%. These data are consistent with previous 
experiments demonstrating constitutive activation of G ; a-2 by 
this mutation and demonstrate that the CRE-luciferase expres- 
sion system can be used to examine the effects of potential 
activating G-protein mutations on intracellular cAMP levels. 

Transient Expression of G43V G t a-2 in JEG-3 Cells also 
Attenuates Forskolin Stimulation of CRE-mediated Luciferase 
Expression— We next tested whether mutation of glycine 43 to 
valine also activates the G ; a-2 G-protein subunit. This muta- 
tion corresponds to the p21ras activating mutation in which 
glycine 12 is changed to valine. Studies by different groups of 
the effects of the analogous mutation (G49V) in G a a have 
yielded inconsistent conclusions (see "Discussion"), and the ef- 
fects of this mutation in G ; ot-2 have not been previously re- 
ported. TVansfection with a cDNA expression construct encod- 
ing G43V Gjcr-2 also depresses forskolin-stimulated CRE- 
luciferase expression up to a maximum of 50% at low 
concentrations of forskolin (Fig. 3). Thus, the glycine 43 to 
valine mutation also activates this G-protein. 

Transient Exprcssim of the Activated Q205L G 0 a in JEG-3 
Cells Attenuates Forskolin Stimulation of CRE-mediated Lucif- 
erase Expression— TVansfection of activated Q205L G e or has 
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Fig. 2. Transient expression of activated Q205L G,or2 in JEG-3 
cells attenuates forskolin stimulation of C RE- media ted lucifer- 
ase expression. Control DNA (open circle), wild type Gp-2 [filled 
circle), and Q205L G t a2 (filled square) expression vectors (100 ng/well) 
were cotransfected with the a-inhibin lucirerase reporter gene (15 ng/ 
well) and the RSV 0-gaIactosidase gene (40 ng/well). Transfected cells 
were treated with increasing concentrations of forskolin. Data is plotted 
as the percentage of the maximum control response and values are 
mean ± S.E., n - 3. 
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Fio. 3. Transient expression of the activated G43V G,<t2 in 
JEG-3 cells attenuates forskolin stimulation of C RE- media ted 
luciferase expression. Control DNA (open circle), wild type G,o-2 
(filled circle), and G43V G,a2 (filled square) expression vectors (100 
ng/well) were cotransfected with the a-inhibin luciferase reporter gene 
(15 ng/well) and the RSV ^galactosidase gene (40 ng/well). TYansfected 
cells were treated with varying concentrations of forskolin. Data is 
plotted as the percentage of the maximum control response and values 
are mean ± S.E., n - 3. 

been reported to have no effect on either basal or forskolin- 
atimulated levels of intracellular cAMP (Wong et a/., 1992). In 
contrast, reconstitution of puri*ied G 0 a into either pertussis 
toxin-treated neuroblastoma cell membranes or into Sf9 cell 
membranes expressing type I AC has been reported to recon- 
stitute inhibition of AC (Carter and Medzihradsky, 1993; Taus- 
sig et a/., 1994). Because the CRE-luciferase assay provides a 
sensitive measure of intracellular cAMP concentration in tran- 
siently trai.sfected cells, we tested the ability of G 0 a to mediate 
inhibition of AC in intact cells. Transfection of a cDN A expres- 
sion construct encoding Q205L G fl a subunit decreased forsko- 
lin-stimulated expression from the CRE-mediated luciferase 
gene as compared with control DNA or wild type G c a (Fig. 4). 
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Fig. 4. Transient expression of the Q205L G 0 o In JEG-3 cells 
attenuates forskolin stimulation of CRE-mediated luciferase ex- 
pression. Control DNA (open circle), wild type G„a (filled circle), and 
Q205L C 0 a (filled square) expression vectors (1C0 ng/well) were co- 
transfected with the a-inhibin luciferase reporter gene (15 ng/well) and 
the RSV 0-galactosidase gene (40 ng/well). Transfected celts were 
treated with varying concentrations of forskolin. Data are plotted as the 
percentage of the maximum control response and values are mean ± 
S.E., n = 3. 

Maximal inhibition occurred at low concentrations of forskolin 
and stimulation of CRE-mediated luciferase expression was 
inhibited by up to 50%. Thus, the activated Q205L G 0 a can 
mediate inhibition of AC in intact JEG-3 cells. 

G 0 a Can Couple the m4 mAChR to Inhibition ofAC—Vfe have 
previously demonstrated that m4 receptors preferentially 
couple to G-a-2 over G^-l and G ; a-3 to inhibit forskolin-stimu- 
lated AC activity (Migeon and Nathanson, 1994). lb further 
test the ability of G Q a to couple to inhibition of AC, cDNAs 
encoding the m4 mAChR and G a a were cotransfected into 
JEG-3 to determine whether G 0 cr could also couple the m4 
receptor to inhibition of AC. Transfected cells were treated with 
0.316 um forskolin and varying concentrations of carbachol. 
G 0 a, like Gja-2 and unlike G^-l and GjO-3 (Migeon and 
Nathanson, 1994), was able to reconstitute m4 mAChR inhibi- 
tion of forskolin-stimulated luciferase activity (Fig. 5). Thus, 
G c a can mediate m4 mAChR inhibition of AC in JEG-3 cells. 

*G„a Mediation of m4 mAChR Inhibition of CRE-Luciferase 
Expression Is Not Due to G 0 a-mediated Decreases in Intracel-. 
lular Ca*' Levels— Previous work (Migeon and Nathanson, 
1994) has demonstrated that the expression of the CRE- lucif- 
erase reporter gene in JEG-3 cells is relatively insensitive to 
changes in intracellular Ca* 4 levels; treatment with Ca 2 * iono- 
phore increased luciferase expression by 1.5-2-fold, in contrast 
to 7-12 fold increases with forskolin. It has been suggested that 
transfected G 0 a can inhibit isoproterenol-induced cAMP accu- 
mulation in C6 glioma cells by inhibition of Ca 2 * influx and thus 
decreasing intracellular Ca 2 * levels (Charpentier et o/., 1993).- 
We therefore tested whether treatment of JEG-3 cells with 
drugs that would increase intracellular Ca 2 * would have an 
effect on G„a-mediated m4 mAChR inhibition of forskolin- 
stimulated CRE-luciferase expression. While treatment with 
A23187 and ionomycin slightly increased basal levels of CRE- 
luciferase expression, there was no effect on G Q a-mediated m4 
inhibition of forskolin-stimulated luciferase activity (Fig. 6). 
Thus, G 0 o-mediation of cAMP accumulation is not due to G 0 a 
inhibition of a Ca 2 * channel. 

M*ristoylation Is Required for Function of the Q205L in 
JEG-3 Cells— In order to test whether myristoylation is neces- 
sary for function of the activated Q205L G.a-2, we removed the 




'0iP,0 -oV, . t - , - 

2it ^.^J&^.tJ^ii^^f. , ,y- 



Regulation of cAMP mediated Gene Expression 



29149 




1* 

b > 
e < 



Si 



Log[Carbacho11, M 
Fic 5 m4 couples to G 0 a for Inhibition of forskoUn-stimulated 
AC activity. Control (open circle) and G c a (Tilled circle) expression 
vectors 100 ng/well were cotransfected with m4 «P^ im <" 
ng/well), a-inhibin luciferase reporter gene (15 ng/well) and the KbV 
B-galactosidase gene (40 ng/well). TVanafected cells we re treated with 
0 316 um forskolin and varying concentrations of carbachol. Data are 
shown as -fold increases in normalized luciferase activity and values are 
mean ± S.E., n = 3. 
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Fic 6. G a-mediated m4 inhibition of forskolin-stimulated AC 
activity io'lnsensitive to increases in Intracellular Ca . Control 
(open symbols) and G 0 a ( filled symbols) expression vectors 100 n^well) 
wire cotransfected with m4 expression vector -tit ngAveil). 
luciferase reporter gene (15 ng/well) and the RSV 
(40 ng/well). Transfected cells were treated with control (circles) media 
containing 0.316 um forskolin, 0.5 «tim CaCl, (in addition to^ the Ca 
already in the media), and varying concentrations of carbachol. Iono- 
mycin (1 um) (squares) and A23187 (1 um) (triangles) were added to the 
above treatment mixes. Data are shown as fold increases in normalized 
luciferase activity and a representative experiment is shown. Values are 
means of triplicate determinations ± S.D. Two 
yielded similar results. Treatment with lonomycin and A23187 did re- 
sult in a l.S-2-fold stimulation of basal luciferase/p-galactosidase val- 
ues from 618 to 938 and 1225. respective* for the control trans feet ions, 
and from 1064 to 1578 and 1483. respectively, for the G o tiWections. 
This was consistent with previous observations of the re * a * v * C * 
insensitivity of the AC isoforms expressed in JEG-3 cells, but did not 
alter the ability of G 0 a to mediate m4 inhibition, 
site of myristoylation by also changing glycine 2 to alanine 
(G2A) Whereas Q205L depresses forskolin-stimulated lucifer- 
ase expression, transfection of JEG-3 cells with the G2A.Q205L 
G t a-2 does not do so (Fig. 7). Thus, myristoylation is required 
for the function of the activated G-protein. 

Myristoylation Is Required for Coupling ofm4 mAChR 
to Inhibition ofAdenylyl Cyc/ase-While the results in Fig. 7 



LogiForskolinJ, M 

F.g. 7. Transient expression of the G2A t Q205L G.offl In JEG^ 
cells does not attenuate forskolin stimulation of C™-medlated 
luciferase expression. Control DNA (open circle). Q205L(/!UM 
circle) and G2A G,«-2 Q205L (filled square) expression vectors (100 
ng/well) were cotransfected with the a-inhibin ludferase re^rter gene 
(15 ng/well) and the RSV 0-galactosidase gene (40 ng/well . Transfected 
cells .were treated with varying concentrations of forskolin. Data are 
plotted as the percentage of the maximum control response and values 
are mean ± S.E., n = 3. 

demonstrate that myristoylation is required for the function of 
a constitutively activated mutated Gja-2, they do not indicate 
whether myristoylation is required for receptor-mediated sig- 
nal transduction, lb further test the role of myristoylation in 
receptor-mediated G-protein function, we also removed the 
myristoylation site from wild type G,a-2. Previously we have 
V.own that in JEG-3 cells, m4 mAChR preferentially couples to 
G ; a-2 to inhibit forskolin-stimulation of luciferase activity. As 
JEG-3 cells lack endogenous G^-2. co-transfection of GjOt-2 is 
required for optimal m4-mediated inhibition of forskolin-stimu- 
lated CRE-luciferase expression (Migeon and Nathanson, 
19C4) In cotransfection experiments, the G2A G;a-2 no longer 
couples m4 mAChR to inhibition of AC (Fig. 8). Thus, myris- 
toylation is necessary for coupling G^-2 to receptor-mediated 
signal transduction. 

DISCUSSION 

The importance of characterizing mutations that activate 
G-proteins is clear as such mutations have been detected in 
human tumors. Activating mutations in G.a have been found in 
human pituitary tumors (Landis et a/.. 1989; Clementi et o/., 
1990) and similar mutations in G ; a-2 have been found in hu- 
man adrenal and ovarian tumors (Lyons et a/., 1990). The G. 
and G a oncogenes have been named gsp andgip2, respectively. 
The oncogenic potentials of activating G-protein ^tetions 
have been examined in vajrious-Cell lines; R179C and Q205L 
G a-2 have been shown to be transforming in Rat 1 cells (Pace 
eial 1991- Gupta et aL, 1992). While activated Q205L G.a was 
able to transform NIH 3T3 cells (Kroll et o/., 1992), expression 
of Q205L G a-2 in that same cell line was not transforming but 
did stimulate proliferation (Gupta ct aL, 1992). The precise role 
of G-proteins in roitogenesis remains unknown, but it is clear 
that all the subfamilies are involved in varying degrees and in 
a cell type specific manner. 

The JEG-3 cell CRE-luciferase system is a useful tool for 
studying the effects of transfected wild type and mutated G- 
protein subunits on intracellular cAMP levels. Measurement of 
cAMP-regulated gene expression is a sensitive way to detect 
subtle but physiologically relevant changes in intracellular 
cAMP levels that might not be possible using direct biochemical 
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Fig 8 G2A G,o-2 is unable to couple the m4 mAChR to inhibi- 
tion of forskolin-stimulated AC activity. Control (open circle), wild 
type Ga-2 {filled circle), and G2A G,a-2 {filled square) expression vec- 
tors (100 ng/well) were cotransfected with m4 expression vector (10 
ngtoell), o-inhibin luciferase reporter gene (15 ng/well) and RSV je-ga- 
lactosidase gene (40 ng/well). Iransfected cells were treated with 0.316 
um forskolin and varying concentrations of carbachol. Data is shown as 
fold increases in normalized luciferase activity and values are means ± 
S.E., n o 3. 

measurements of cAMR This system has been used to charac 
terize the functional consequences of mutations in genes for 
cAMP-dependent protein kinase (Mellon et a/., 1989). We origi- 
nally adapted this system to study muscarinic acetylcholine 
receptor-mediated effects on intracellular cAMP levels (Migeon 
and Nathanson, 1994). We show here that this system can oe 
used to determine the effects of wild type and mutated G- 
proteins on intracellular cAMP levels, lb establish the suitabil- 
ity of this system for studying activating G-protein mutations, 
we transfected JEG-3 cells with DNA encoding the well char- 
acterized activated Q205L G^-2. This mutation in p21ras 
(Q61L) (Gibbs et a/., 1985) is transforming and the correspond- 
ing mutation in the G, a subunit (Q227L) inhibits the intrinsic 
GTPase activity (Masters et a/., 1989; Graziano and Gilman, 
1989). Transfection with Q205L G s a-2 clearly inhibits forskolin- 
stimulated increases in CRE-luciferase expression and is con- 
sistent with the findings of other laboratories (Hermouet et a/., 
1991; Wong et ai f 1991) using stable tranBfections and direct 
biochemical determinations of intracellular cAMP levels. 

Having demonstrated the effectiveness of these techniques 
in detecting activating G-protein mutations, we determined the 
functional status of G43V G ( a-2. As in the case of the Q205L 
mutation, the corresponding G43V mutation in p21™ (G12V) is 
transforming. However, the effect of the corresponding muta- 
tion on the function of the G.a subunit (G49V) is less clear. 
G49V G.a causes a small elevation of basal intracellular cAMP 
levels and basal protein kinase A activity when stably ex- 
pressed in Chinese hamster ovary cells (Woon et a/., 1989) and 
shows increased activity when reconstituted with bovine brain 
AC (Graziano and Gilman, 1989). The intrinsic GTPase activity 
of G49V G.a was also inhibited as compared to wild type G.a 
(Masters et al. t 1989; Graziano and Gilman, 1989). However, 
while these data suggests that G49V G.a is activated in vitro, 
when G49V G.a was stably expressed in S49 eye' cells, a G.c 
deficient mouse lymphoma cell line. AC activation by GTP and 
other activators was less than what was seen with cells ex- 
pressing wild type G,a (Masters et a/., 1989). Also, while tran- 
sien: expression of G49V G.a in COS-7 cells activated AC, 
stable expression of the mutated G. in PC12 cells inhibited AC 



(Kabir et a/., 1993). Thus, the functional status of the G49V G.o 
remains ambiguous. The G43V mutation in G ( a-2 has not pre- 
viously been characterized. We demonstrate here that trans- 
action of G43V G^-2 into JEG-3 cells inhibited forskolin 
stimulation of CRE-mediated luciferase activity. 

The Q205L and G43V mutations maximally inhibited CRE- 
luciferase activity by 75% and 50% respectively. Because the 
expression levels of Q205L G ( a-2 and G43V G ( a2 are compara- 
ble, G43V G ; a-2 appears to possess less constitutive activity 
than Q205L Gja-2. The differing activities of the two G^-2 
mutations in JEG-3 cells is also manifested in the activities of 
the corresponding mutations in the G.a subunit: Masters et al 
(1989) found that Q227L G.a was a better activator of AC than 
G49V (Masters et a/., 1989), and the relative activities of the 
mutated G.a subunits were found to correlate with the degree 
of their inhibition of the wild type GTPase activity, 95% and 
45% respectively (Graziano and Gilman, 1989). 

Transfection of JEG-3 cells with Q205L G 0 a also attenuates 
forskolin-stimulated luciferase activity and wild type G c a can 
couple the m4 mAChR to inhibition of AC. These findings in- 
dicate that in JEG-3 cells, G 0 a can regulate AC. There have 
been a variety of conflicting reports on the ability of G 0 a to 
inhibit AC activity. Expression of Q205L G 0 a in HEK 293 and 
N1H 3T3 cells did not attenuate either basal or forskolin-stimu- 
lated levels of intracelluiar'cAMP (Wong et a/., 1992). In con- 
trast to these experiments in intact cells, addition of G 0 has 
recently been shown to reconstitute coupling of the u opiate 
receptor to inhibition of AC in pertussis-toxin treated mem- 
branes from brain and the neural-derived cell line SH-SY5Y 
(Carter and Medzihradsky, 1993). Similarly, in experiments in 
which membranes derived from Sf9 cells expressing various AC 
isoforms are reconstituted with purified G-protein a subunits, 
GTPyS activated G 0 a inhibited type I AC and not types II, V, 
and VI (Taussig et al. t 1994). The work presented here clearly 
demonstrates that G fl a can inhibit AC activity in response to 
both constitutively activating mutations and mAChR activa- 
tion. Thus, our data are consistent with the observations of 
other groups studying AC activity in membranes. Interestingly, 
we believe that, in our experiments, G 0 a is not inhibiting the 
Ca 2+ -calmodulin-sensitive type I AC because CRE-luciferase 
expression in JEG-3 cells is relatively insensitive to increases 
in intracellular Ca 2 *. 

Muscarinic receptor functional coupling to G e a has been sug- 
gested by in vitro reconstitution studies in which chick cardiac 
m2 and m4 receptors were shown to activate G e (Richardson et 
al 1991), and activation of reconstituted recombinant m2 re- 
ceptors stimulates the binding of GTP7S to a variety of G- 
protein a subunits including G c (Tbta et al 1990; Parker et c/., 
1991). The only direct evidence of mAChR functional coupling 
through G 0 is in GH 3 cells where mAChRs mediate inhibition of 
a Ca 2 * current. Injection of GH 3 cells with antisense oligonu- 
cleotides against the G 0l form of G 0 a abolishes mAChR-medi- 
ated inhibition of a Ca 2 * current (Kleuss et a/., 1991). In this 
work we demonstrate m4 mAChR coupling to G Q a to inhibit AC. 

There have also been reports of indirect regulation of AC by 
G c a; expression of G c a in C6 glioma cells partially inhibits 
^adrenergic receptor stimulated accumulation of cAMP by in- 
hibiting a transient Ca 2 * influx that is required for 50% of the 
increases in cAMP (Charpentier et a/., 1993). We do not believe 
that this is the mechanism of mAChR-mediated inhibition of 
CRE-luciferase expression in JEG-3 cells because CRE-lucifer- 
ase expression in JEG-3 cells is relatively insensitive to 
changes in intracellular Ca 2 * and treatment with drugs that 
increase intracellular Ca 2 * had no significant effect on G c a- 
mediated m4 inhibition of CRE-luciferase expression. 
/ 
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Although G-proteins a subunits generally behave like mte- 
eral membrane proteins, there is no indication that they con- 
tain any transmembrane segments. These observations have 
prompted interest in the the mechanism of G-protein mem- 
brane localization (Spiegel et al., 1991). One hypothec is that 
the fly subunits complex is anchored in the membrane and the 
the a subunit is localized to the membrane by association with 
the fly complex. In support of this hypothesis it has been shown 
that a subunits do not associate with artificial phospholipid 
vesicles in the absence of By subunits (Sternweis. 1986). If By 
subunit complexes anchor the a subunits, then one might ex- 
pect to see a subunits released from the membrane when they 
dissociate from the By complex upon G-protein activation^ 
subunits can be released by treatment of membranes with de- 
tergent or high pH (Audigier et al.. 1990), but. with G-orote.n 
octivation. release of a subunits occurs very slowly if at all 
(Buss et al.. 1987; Milligan et al.. 1988). Overexpression of 
G-protein a subunits in excess of By subunits has no effect on 
membrane localization (Simonds et al. 1989). Furthermore, a 
subunits expressed in yeast lacking By subunits are still mem- 
brane localized (Blumer and Thorner, 1991). 

Another hypothesis is that lipid modification of G-protein 
subunits is responsible for G-protein membrane attachment. 
While G-protein a subunits have been shown to be 
ated in the ammo-terminal region (Linder et al., 1993). the 
significance of this is not yet well understood. G„ and G i0 sub- 
units have been shown to be myristoylated on an ammo-termi- 
nal glycine residue (Buss etal.. 1987;Schultz etal.. 1987; Jones 
et al 1990). When the amino-terminal glycine is mutated to 
alanine, thus blocking myristoylation. the mutated a subunits 
are found mostly in the cytosol (Jones et al. 1990; Mumby et al 
1990). Myristoylation of the G„a subunit also increases its af- 
finity for By subunits (Linder et al., 1991). We have made ~ie 
G2A mutation in both wild type and Q205L and have 
found that myristoylation is necessary for function of both the 
wild type and the mutated G-proteins. G2A.Q205L 0^-2 does 
not behave like Q205L G,«-2 and has little effect on forskohn- 
stimulated luciferase activity. These observations are consist- 
ent with other work (Gallego et al., 1992) which showed that 
the G2A.Q205L G^-2 was unable to inhibit basal or cholera 
toxin-stimulated intracellular cAMP. They also showed that 
myristoylation of Q205L 0,0-2 was required for transformation 
of Rat la cells and stimulation of MAP kinase activity More 
importantly, we have shown that the G2A G f a-2 can no longer 
3e the m4 mAChR to inhibition of forskolin-stimulated 
CRE-luciferase expression. This is the first demonstration 
that myristoylation is necessary for receptor-med.ated activa- 
tion of the Git»-2 subunit in intact cells. 

Thus, we have shown that the JEG cell CRE-luciferase re- 
porter system is useful for studying the effects of various G- 
Protein mutations and receptor-G-protein coupling. We have 
shown that the G43V G ( a-2 is activated and that G„ can medi- 
ate inhibition of AC. Furthermore, G„ was * h <>™ * 
inhibition of forskolin-stimulated luciferase activity. We also 
examined the role of myristoylation in the function of activated 
and wild type G^-2 subunits and found that mymtoylat on 
was required for their function. While we concentrated on the 
G and G a subunits. one might also use th.s system to look at 
the function of other G-proteins involved in regulation of intra- 
cellular cAMP levels. For example, analysis of structure-func- 
tion relationships for G,<* and G.a should be amenable to th.s 
type of assay system. Similarly, the function of G-prote.ns a 
subunit which activate protein kinase C (by activation of phos- 
pholipase C) might be analyzed by using a lu « fera ;* ^"** r t 
gene construct driven by an AP-l-regulated promoter element 
instead of the CRE-luciferase reporter gene construct. 
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Dopamine D 2 receptor signaling 
via the arachidonic acid cascade: modulation 
by cAMP-dependent protein kinase A 
and prostaglandin E 2 

Daniele Piomelli and Vincenzo Di Marzo 1 

Uniti de Neurobiology et Pharmacologie de 1'INSERAf, Paris 75014, France 



Summary 



Recent studies have shown that, in Chinese hamster ovary cells transfected with 
D 2 -receptor cDNA, CHO(D 2 ) cells, D 2 agonists are potent in enhancing the 
release of [ 3 H]arachidonic acid (AA) induced by stimulation of constitutive 
purinergic receptors or by application of Ca 2+ ionophores. This facilitatory action 
is further amplified by the concomitant activation of D x receptors, which per se 
have no effect on evoked [ 3 H]AA release. Here, we review a series of experiments 
aimed at examining the molecular mechanism of this synergistic interaction. The 
results show that, in CHO(D 2 ) cells: (a) application of 8-Br-cAMP or stimulation 
of constitutive prostaglandin (PG)E 2 receptors augment the AA response pro- 
duced by D 2 agonists; (b) in CHO(D 2 ) cells transfected with human /3 2 -receptor 
cDNA, the /3-agonist, isoproterenol, produces a similar effect; (c) the potentiation 
of [ 3 H]AA release produced by PGE 2 and 8-Br-cAMP is prevented by overex- 
pressing either a protein inhibitor of cAMP-dependent protein kinase (PKA) or a 
mutated form of pKA regulatory subunit incable of binding cAMP; (d) mock-syn- 
ergism is obtained in CHO(D 2 ) cells overexpressing the catalytic subunit of PKA; 
(e) PGE 2 is a major AA metabolite in stimulated CHO(D 2 ) cells and its formation 
may contribute to the effect of D 2 agonists on AA release. The results indicate 
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that cAMP-induced activation of PKA represents a likely molecular basis for 
D x /D 2 receptor synergism on AA release. They also suggest that additional 
membrane receptors, coiocalized with D 2 and positively linked to adenylyl cyclase, 
may exert a similar action. Furthermore, stimulation of PGE 2 receptors by 
endogenously produced prostaglandin may participate in AA signaling at the D 2 
receptor, by providing a paracrine positive feedback loop. 

Key words: Chinese hamster ovary cells; cyclic AMP; cAMP-dependent protein 
kinase A; Dopamine receptors; Phospholipase A 2 ; Prostaglandin 
(PG)E 2 ; Transfected cells 



1. Introduction 

Along-with classical second messengers, which include such diverse molecules as 
cyclic nucleotides, inositol trisphosphate and diacylglycerol, arachidonic acid (AA) 
released through G protein-mediated activation of phospholipase A 2 (PLA 2 ), has 
recently been shown to participate in intracellular signaling at several neurotrans- 
mitter receptors in the CNS (Piomelli et al, 1987; Dumuis et al., 1990; Felder et 
al., 1990). A characteristic of the AA signaling cascade is its ability to give rise to a 
large array of bioactive metabolites, which can act either as intracellular second 
messengers, by modulating the activity of ion channels and protein kinases, or, if 
released from the cell of origin, as paracrine mediators, by binding to G protein- 
coupled membrane receptors on neighboring cells (for review, see Wolfe and 
Coceani, 1979; Axelrod et al., 1988; Piomelli and Greengard, 1990; Shimizu and 
Wdfe, 1990). 

Dopamine, a major modulatory neurotransmitter, exerts its diverse actions in 
the brain by binding to two functional classes of G protein-coupled membrane 
receptors: 'D r like* receptors (which include the recently cloned D 1B and D 5 
subtypes) are positively linked to adenylyl cyclase and phospholipase C activities, 
whereas *D 2 -like' receptors (which include D^, D 2B , D 3 and D 4 ) either inhibit or 
exert no effect on the activities of these enzymes (reviewed by Sibley and Monsma, 
1992, and Vallar and Meldolesi, 1989). Despite these opposing actions on classical 
second messenger systems, D r like and D 2 -like receptors can act synergistically at 
the level of single neurons, to produce many electrophysiological and behavioural 
responses (Clark and White, 1987; Bertorello et al. 1990; Calabresi et al., 1992). 
This suggests that an additional, unknown second messenger pathway activated by 
dopamine receptors may underlie their synergistic interactions. 

We and others have recently reported that, in Chinese hamster ovary cells 
transfected with D 2 -receptor cDNA, CHO(D 2 ), D 2 agonists facilitate the release 
of AA induced by stimulation of Ca 2+ -mobilizing receptors (Kanterman et al., 
1991; Felder et al., 1991; Piomelli et al., 1991). This facilitation is specific for D 2 
receptors (both and D 2B ): stimulation of CHO cells transfected jvith either 
D r or D 3 -receptor cDNA has no effect on the levels of evoked AA release 
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(Piomelli et al, 1991). However, in cells coexpressing D x and D 2 , occupation of 
both receptor subtypes results in a marked synergistic potention of release (Piomelli 
et al., 1991). The results suggest that amplification of the AA cascade may 
represent a possible molecular basis for the synergism between D t and D 2 
receptors observed in the brain at the electrophysiological and behavioral level. 

In this study, we describe a series of experiments aimed at examining the 
molecular mechanism underlying Di/Dj-receptor synergism on AA release. Be- 
cause D x receptors enhance cAMP levels in transfected CHO cells even when D 2 
receptors are stimulated concomitantly (Piomelli et al., 1991), we investigated the 
possible involvement of cAMP and cAMP-dependent protein kinase A (PKA) in 
the synergistic interaction on AA. Using combined pharmacological and molecular 
genetic approaches, we show here that PKA participates in regulating AA signal- 




i — 1 i 
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Fig. 1. Actions of 8-bromo-cAMP on D 2 receptor-dependent potentiation of [ 3 H]AA release in 
CHOflD 2 ) cells. (A) Concentration-dependent responses to 8-bromo-cAMP applied alone, or in the 
presence of quinpirole (25 nMO, A23187 (4 /iM) or quinpirole plus A23187. (B) Effects of 8-bromo- 
cAMP on the release of [ 3 H]AA evoked by A23187 (0.5-5 /iM), or by A23187 plus quinpirole (25 nMO. 
CHO(D 2 ) cells, labeled by incubation with [ 3 H]AA (0.25 ftCi/ml) for 2 h; were incubated for 30 min in 
1 ml of Dulbecco's modified Minimal Essential Medium (DMEM) containing 0.1% bovine serum 
albumin (BSA) and final concentrations of the appropriate drugs (Piomelli et al., 1991). Samples (03 
ml) of the incubation media were collected for liquid scintillation counting. Points represent the 
mean ± SE of 4-8 separate determinations. 
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ing at the D 2 receptor. In addition, we report evidence indicating that dopaminer- 
gic activation evokes release of prostaglandin (PG)E 2 from CHO(D 2 ) cells. Be- 
cause PGE 2 enhances, in turn, the AA response produced by D 2 -receptor occupa- 
tion, this prostaglandin may act as a paracrine messenger to modulate dopaminer- 
gic responses (Di Marzo and Piomelli, 1992). 



2. cAMP Enhances the Potentiation of AA Release Produced by Stimulating D 2 
Receptors 

Three different sets of experiments were designed to examine a possible 
participation of intracellular cAMP in D x /D 2 -receptor synergism on AA release. 
First, we studied the effects of 8-Br-cAMP, a stable cAMP analogue, on the AA 
response to quinpirole, a D 2 receptor agonist. When CHO(D 2 ) cells were stimu- 
lated with a combination of Ca 2+ ionophore, A23187 (2 /iM), quinpirole (25 nM) 
plus 8-Br-cAMP, release of [ 3 H]AA was much greater than in cells stimulated with 
A23187 plus quinpirole alone. By contrast, 8-Br-cAMP had little or no direct effect 
on A23187-evoked [ 3 H]AA release (Fig. 1). 

Next, we evaluated the effect of stimulating constitutive PGE receptors, which 
are coupled to adenylyl cyclase activation. Incubation of CHO(D 2 ) cells with either 
PGE X or PGE 2 , but not with PGF 2a , produced significant accumulation of intra- 
cellular cAMP (from 0.4 ± 0.06 to 1.0 ± 0.06 pmol/well with 0.2 /xM PGEj) and 
enhanced the effect of quinpirole (0.2 *tM) on [ 3 H]AA release {Fig. 2). With 
PGE X , maximal stimulation of [ 3 HjAA release was at 1 /iM prostaglandin (221 ± 
20% of quinpirole), and half-maximal effect was obtained at a concentration 
(EC 50 ) of 140 nM. With PGE 2 , maximal stimulation was 146 ± 8% at 1 




1 10 100 1000 1000 
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Fig. 2 Stimulation of constitutive PGE 3 receptors enhances D 2 receptor-dependent potentiation of 
[ 3 H]AA release, CHCXD 2 ) cells were labeled with [ 3 H]AA and stimulated as described in the legend to 
Fig. 1. Results are expressed as percentage of the release produced by A23187 plus quinpirole 
(956 ±144 cpm per well) and are the mean±SE (bars) of 5 experiments carried out in quadruplicate. 
The effect of all but 1 nM concentration of PGE 2 were significantly different (P < 0.05) from both the 
effect of A23187 plus quinpirole and the effect of A23187 plus PGE 2 . (Reproduced, with permission, 

from the Journal of Neurochemistry.) 
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Fig. 3. Stimulation of transfected fi 2 receptors enhances D 2 receptor-dependent potentiation of 
[ 3 H]AA release. CHCXD 2 ) cells were stably transfected with a cDNA encoding for the human 0 2 
receptor by using the lipofectin method and a phleomycin-resistance gene as marker. Qones expressing 
functional £ 2 receptors were selected on the basis of their ability to increase cAMP levels in response 
to applications of isoproterenol, a fi 2 agonist Isoproterenol had no effect on cAMP levels in 
untransfected CHO(D 2 ) cells. Transfection of CHO(D 2 ) cells with the D x receptor cDNA was carried 
out as described (Piomelli et al., 1991). Ceil labeling and stimulations were as described in the legend to 
Fig. 1* Q» quinpirole (0.25 mM); I, isoproterenol (1 /*M); S, compound SKF-38393, a D x receptor 

agonist (1 /*M). 

prostaglandin and EC^ was 100 nM. Little or no direct effect of either PGEj or 
PGE 2 was seen on A23187-evoked [ 3 H]AA release in the absence of quinpirole 
(Fig. 2). 

In order to substantiate further the hypothesis that receptor-dependent stimula- 
tion of adenylyl cyclase may act synergistically with D 2 to potentiate AA release, 
CHO(D 2 ) cells were permanently transfected with a cDNA encoding for the 
human 0 2 -adrenergic receptor. CHO(D 2 + 0 2 ) cells were stimulated with isopro- 
tenerol, a fi 2 agonist, in the presence of ionophore (4 }iM) and quinpirole (1 /LtM). 
Isdprotenerol had little or no effect on [ 3 H]AA release in the absence of D 2 
receptor activation, but it significantly enhanced the potentiating action of quinpi- 
role (Fig. 3). This effect of isoproterenol was prevented by the 0 2 -adrenergic 
antagonist, propranolol, and enhanced by incubation with the phosphodiesterase 
inhibitor, isobutylmethylxanthine (data not shown). 



3. cAMP-dependent Protein Kinase Participates in Regulating AA Signaling at the 
D 3 Receptor 

The results, showing that raises in intracellular cAMP levels potentiate D 2 
agonist-induced enhancement of [ 3 HJAA release, suggest that cAMP-dependent 
protein kinase (PKA) may be involved in mediating this response. To examine this 
possibility we adopted two experimental strategies: by using a molecular genetic 
approach, we attempted either to reduce the activity of endogenous PKA or to 
enhance it by overexpressing exogenous PKA in CHCXDj) cells. 
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Fig. 4. Ovcrexpression of the PKA inhibitory protein, PKI, prevents cAMP-dependent enhancement of 
the D 2 AA response. CHO(D 2 ) cells were transiently transfected with a cDNA encoding for rat PKI or 
for a mutated inactive form of PKI (PKI mut ) (Day et al., 1989) by using the lipofectin method. Cell 
labeling and stimulations were as described in Fig. 1. Bcperiments were carried out 36-48 h after 
transfections. Results are the mean±SE (bars) of 3 separate transections, carried out in quadruplicate. 

BrA, 8-bromo-cAMP (100 /xM). 

To reduce endogenous PKA activity, we transiently transfected CHO(D 2 ) cells 
with vectors directing expression of either of two PKA inhibitory proteins: the 
heat-stable PKA inhibitor (PKI) (Day et ai., 1989), or a PKA regulatory subunit 
mutated in both the A and B cAMP-binding sites (MTR-EVab) (Mellon et al. f 
1989). The effect of PKI overexpression on [ 3 H]AA release from CHO(D 2 ) cells is 
shown in Fig. 4. In CHO(D 2 + PKI) cells, the potentiating actions of either PGE! 
(1 /iM) or 8-bromo-cAMP (100 /xM) were greatly reduced when compared to 
untransfected cells or to cells that had been transfected with a mutated, inactive 
form of PKI (Fig, 4). Next, to obtain overexpression of mutated PKA regulatory 
subunit, we used a vector designed to direct expression of this protein under the 
control of the Mt-1 promoter, a moderately strong promoter that can be further 
induced by incubating cells in a medium containing Zn 2+ (Mellon et al., 1989). 
Exposure to Zn 2+ (80 /iM, 36 h) did not affect the AA response of untransfected 
CHO(D 2 ) cells to the application of 8-bromo-cAMP. However, in MrR-EV^- 
transfected CHO(D 2 ) cells exposed to Zn 2+ , the potentiation of [ 3 H]AA release 
caused by the cAMP analog was markedly inhibited (Fig. 5). Similar results were 
obtained when cells were stimulated with ?GE X (not shown). 

To construct CHO(D 2 ) cells expressing unregulated PKA activity, we trans- 
fected the cells transiently with an MM-linked vector, directing expression of the 
mouse catalytic subunit of PKA (MTC-EVa) (Mellon et al., 1989). After 36 h of 
culture in a Zn 2+ -containing medium, the response to the D 2 agonist, quinpirole, 
was markedly stronger in MTOEVa-transfected than in control cells (Fig. 6). 

The experiments with CHO(D 2 ) cells deficient or enriched in PKA activity, 
described above, indicate that this protein kinase participates in regulating the 
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Fig. 5. Overexpression of a mutated regulatory subunit of PKA, which inhibits PKA activity, prevents 
8-bromo cAMP-dependent enhancement of the D 2 AA response. CHO(D 2 ) cells were transiently 
transfected with the cDNA encoding for mouse PKA RII regulatory subunit, mutated on both A and B 
cAMP-binding sites (MTR-EVxa) (Mellon et aL, 1990), by using the Hpofectin method. Cell labeling 
and stimulations were as described in Fig. 1. Cells were cultured for 36 h either without (C), or with 80 
mM Zn 2+ (Zn) in the culture medium, and stimulated with A23187 (2 /iM), quinpirole (0.1 fiM) and 
8-bromo cAMP (100 /iM), as described in Fig. 1. Data are the mean±SE (bars) of 4 separate 

determinations from one transfection. 




(°2) (DZ MTC-EVa) 



Fig. 6. Overexpression of the catalytic subunit of PKA amplifies D 2 receptor-dependent potentiation of 
[ 3 H]AA release. CHOQDj) cells were transiently transfected with a cDNA encoding for mouse PKA 
catalytic subunit (MTOEV a ) (mellon et aL, 1990) by using the Hpofectin method. Cell labeling and 
stimulations were as described in Fig. 1. Cells were cultured for 36 h either without (O, or with 80 /iM 
Zn 2+ (Zn) in the culture medium, and stimulated with A23187 (2 ftM) plus quinpirole (0.1 /iM), as 
described in Fig. 1. Data are the mean± SE (bars) of 4 separate determinations from one transfection. 
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ability of D 2 receptors to facilitate evoked AA release, and raise the possibility 
that D r dependent activation of PKA may underlie the synergistic interaction 
between Dj and D 2 receptors on AA release. In addition, the results suggest that 
stimulation of additional Gs-coupled receptors, colocalized with the D 2 subtype, 
might exert a similar synergistic action. For example, in brain amygdala and 
hypothalamus, high levels of both Gs-coupled PGE 2 receptors and Gi-coupled D 2 
receptors have been shown to be expressed (Malet et al., 1982; Watanabe et al., 
1985; Bouthenet et al., 1991). 



4. Prostaglandin E 2 as a Potential Paracrine Messenger in the Brain Induced by 
Dopaminergic Activation 

Prostaglandins are thought to exert important neuromodulatory actions in the 
brain, including regulation of sleep-wake cycles and modulation of transmitter-reg- 
ulated adenylyl cyclase, activity (Hayaishi, 1989; Partington et al., 1980; Schaad et 
al, 1987; Weidenfeld et al., 1992). In light both of our results, showing that PGE 2 
enhances AA signaling at the D 2 receptor (see above), and of the known colocal- 
ization of PGE 2 and D 2 receptors in certain brain areas, we have begun to study 
the possible interactions between these receptor subtypes on the AA response. 
Using CHO(D 2 ) cells, we carried out experiments aimed at determining whether: 
(a) PGE 2 is produced following D 2 -receptor activation, and (b) release of this 
prostaglandin in the extracellular medium may play a positive feedback role, 
enhancing D 2 potentiation of evoked AA release through stimulation of cAMP 
formation. 

When incubation media from CHOCD 2 ) cells, prelabelled with [ 3 HlAA and 
stimulated with A23187 (4 pM) plus quinpirole (1 /i,M), were analysed by HPLC, a 
major radioactivity peak coeluting with authentic PGE 2 was observed (Di Marzo 
and Piomelli, 1992). The radioactivity associated with this component was greater 
in incubations of cells stimulated with A23187 plus quinpirole than in incubations 
of cells stimulated with Ca 2+ ionophore alone (1040 ± 415 vs 360 ± 97 cpm/dish, 
n =» 5). No radioactive material coeluting with PGE 2 was released from control, 
unstimulated cells or from cells stimulated with A23187 plus quinpirole in the 
presence the cycloxygenase inhibitor indomethacin (4 /iM). The identity of this 
component as PGE 2 was confirmed by treating the HPLC fractions containing the 
radioactive material with methanolic KOH, which selectively converts PGE 2 into 
PGB 2 . HPLC analysis of the reaction mixture yielded a major radiolabeled 
component coeluting with authentic PGB 2 . Moreover, radioimmunoassay (RIA) 
carried out on HPLC fractions from incubation media of unlabeled, stimulated 
CHO(D 2 ) cells yielded a main immunoreactive peak coeluting with PGE 2 (Di 
Marzo and Piomelli, 1992). RIA was also used to measure the amounts of 
immunoreactive PGE 2 produced by cells stimulated with ionophore and quinpi- 
role, The value obtained in stimulated cells (25.3 ± 7.1 vs 3.3 ± 1.1 nM in unstimu- 
lated cells, n - 3) was above threshold for PGE 2 -induced potentiation of the 
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Fig. 7. Indomethacin prevents the potentiating effect of D 2 receptor stimulation on [ 3 H]AA release, 
and exogenous PGE 2 restores it. Prelabeled CHCXD 2 ) cells were incubated in 0.75 ml DMEM without 
BSA in the presence of A23187 (4 fiM) plus indomethacin (4 fiM) (column a), A23187 plus quinpirole 
(0.5 /aM) (column b), A23187 plus quinpirole and indomethacin (4 fiM) (column c), and the same plus 
POH 2 (1 AtM) (column d). Results are expressed as percentages of the release induced by A23187 and 
are mean±SE (bars) values from 5 experiments carried out in quadruplicate. * P < 0.05 vs A23187 
only, **jP<0.05 vs A23187 plus quinpirole; ***i > <0.05 vs A23187 plus quinpirole and in- 
domethacin. (Reproduced, with permission, from the Journal of Neurochemistry.) 

quinpirole AA response. Thus, the results suggest that the levels of PGE 2 attained 
following activation of D 2 -receptors may be sufficient to enhance AA release. 

One prediction of this hypothesis is that blockade of PGE 2 formation should 
result in a decreased overall production of AA. This prediction was confirmed in 
experiments in which CHO(D 2 ) cells were stimulated with quinpirole plus 
ionophore in the presence of indomethacin (4 fiM). The cycloxygenase inhibitor 
significantly inhibited quinpirole enhancement of AA liberation, and this inhibi- 
tion was reversed by adding back PGE 2 (Fig. 7). The results support the idea that 
PGE 2 , produced by D 2 receptor stimulation and diffused extraceilularly, may act 
to modulate the D 2 response by binding to Gs-coupled receptors located on the 
same cell or on neighboring cells. 



5. Conclusions 

The experiments reported here leave open two major questions. First, the site 
of cAMP- and PKA-mediated control over AA signaling at the D 2 receptor 
remains to be determined. The results showing that neither increased cAMP levels 
nor PKA overexpression lead to any significant stimulation of PLA 2 in the absence 
of D 2 -receptor occupation, suggest that the activity of PLA 2 is not directly 
controlled by PKA phosphorylation. Rather, PKA may act by increasing the 
productive coupling between D 2 receptors and the transducing G, protein (Felder 
et al., 1991; Piomelli et al., 1991), possibly by catalysing phosphorylation of the 
ubiquitous G protein regulatory protein, phosducin (Bauer et al., 1992). 
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Another important question which remains to be addressed is whether our 
results, obtained in transfected CHO cells, are physiologically relevant to the CNS. 
Several lines of evidence suggest that this is likely be the case. In brain and in 
other tissues, stimulation of D 2 receptors may be linked to release and metabolism 
of AA. In hypothalamic median eminence, epoxygenase metabolites of AA have 
been implicated in D 2 release of somatostatin (Junier et al., 1990). In kidney renal 
medulla, a D 2 -like receptor linked to the formation of PGE 2 has been described 
(Huo et al, 1990), and in rat brain synaptosomes dopamine (100 fiM) was reported 
to evoke release of immunoreactive PGE 2 (Hillier et al., 1976). It will be important 
to determine the potential signaling role of the AA cascade in functional models of 
D t /D 2 receptor synergism, such as the inhibition of firing in nucleus accumbens 
neurons (Clark and White, 1987) or the expression of striatal long-term depression 
(Calabresi et al., 1992a,b). 
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The closely related MAP kinases, L { l )extracellular signal-regulated protein kinases 1 and 2 (ERK1 and 
ERK2), are ubiquitous components of signal transduction pathways. ERK1 and ERK2 are activated by 
diverse extracellular stimuli and by protooncogene products that induce proliferation or enhance 
differentiation (reviewed in Refs. 1 and 2). MAP kinase phosphorylations have an impact on processes in 
the cytoplasm, the nucleus, the cytoskeleton, and the membrane. The variety of signals that conscript the 
MAP kinase pathway demonstrates that this cascade serves a myriad of purposes, and the consequences 
of its activation will depend on cellular context. Because of the pleiotropic potential of these kinases, 
their activation needs to be tightly controlled. This review discusses the complexity of upstream 
regulation of the MAP kinase pathway, parallel cascades, and concepts that are likely to apply to many 
MAP kinase family members developed from analysis of the crystal structure of ERK2. 
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Receptor Tyrosine Kinases 

The best understood means of activating the MAP kinase pathway (reviewed in Refs. 1 and 3) is that 
used by receptor tyrosine kinases. Ligands cause receptors to autophosphorylate on tyrosine residues; the 
phosphotyrosine residues of autophosphorylated receptors then bind the SH2 domains of adapters, such 
as Grb2 (growth factor receptor-bound protein 2). The adapters recruit guanine nucleotide exchange 
factors with proline-rich SH3 domain-binding sites to the membrane in proximity to the isoprenylated 
small G proteins they activate. Exchange factors promote the association of Ras with GTP. The 
GTP-bound form of Ras binds the protein kinases Raf-1 and B-Raf, thereby targeting one or both Raf 
isoforms to the membrane where Raf protein kinase activity is increased. MAP kinase kinases 1 and 2 
(MKK), also called MAP/ERK kinases (MEK)(4, 5, 6) , are phosphorylated and activated by Raf-1 and 
B-Raf and are the upstream activators of the MAP kinases. Receptor tyrosine kinases have also been 
reported to activate the cascade in rat fibroblasts via a Ca 2+ -dependent but protein kinase C (PKC)- and 
Ras-independent pathway(7) . Receptors that do not contain intrinsic tyrosine kinase activity but that 
harbor sites for tyrosine phosphorylation may also activate the cascade via association of phosphotyrosine 
residues on the receptors or the activated tyrosine kinases with adapters(8) . 

G Protein-coupled Receptors 

The MAP kinase cascade can also be activated by certain heterotrimeric G proteins(9, 10) . Most require 
Ras and are believed to exploit the steps described for tyrosine kinases, but Ras-independent activation 
has been reported (9- 12). 

PKC 

PKC is used by many receptors types to regulate the MAP kinase pathway, alone or with other 
mechanismsQl, 14) , and may act at several steps in the cascade. The effects of phorbol esters are 
Ras-dependent in PC 12 cells (11) and Jurkat cells (15) but Ras-independent in fibroblasts(16) , consistent 
with multiple sites of action of PKC. PKC may directly activate Raf- 1(17) , but mutation of the site 
phosphorylated by PKC does not interfere with activation of Raf by many stimuli including phorbol 
ester(18) . Other sites of action of PKC are likely to be either farther upstream or at the level of MAP 
kinase inactivation. 

Regulation and Specificity of MEKs 

All known signaling pathways are believed to use the two dual specificity protein kinases MEK1 and 
MEK2 to phosphorylate and activate MAP kinase(6) . MEK1 and -2 are activated not only by Raf-1 and 
B-Raf (19, 20) but also by the Mos protooncogene product(21, 22) , MEK kinase 1 (MEKK1) 2 ( 2 )(23) , 
and other probably distinct, growth factor-stimulated activities(24, 25) . The mechanisms controlling 
MEKK1 are unknown, although Ras may be required(26) . In oocytes, Mos is believed to be controlled 
by its synthesis and degradation. 

Because no other MEK substrates have been identified, MEKs are viewed as dedicated kinases that 
phosphorylate only the MAP kinases. Kinases related to ERK1 and ERK2, in spite of retaining a similar 
arrangement of activating phosphorylation sites ( Fig. 1 ). are poor in vitro substrates of MEK 1(27) . 
Thus, the marked specificity of MEKs contributes to the selective activation of their downstream targets. 
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Figure 1: Alignment of phosphorylation lip sequences of ERK/MAP 
kinase family members. ERK1, ERK2, ERK3, H0G1, and JNK1 are 
mammalian enzymes. MPK1, KSS1, and FUS3 are from budding 
yeast and SPK1 is from fission yeast. The lip sequence of the 
Drosophila rolled gene product is identical to ERK1 . Dots indicate identities; dashes indicate deletions. 
The phosphorylation sites are denoted by an asterisk. The 17 residues disordered in the ERK2 Tyr-185 
mutants extend from the Asp preceding the FUS3 insertion to the conserved Arg preceding the sequence 
WYRAPE. 



Parallel MAP Kinase Pathways □ 
The ERK Protein Kinase Subfamily 

ERK1 and ERK2 were the first of the ERK/MAP kinase subfamily to be cloned(28, 29, 30) . Other 
related mammalian enzymes have been detected including: two ERK3 isoforms(29, 31, 32) , ERK4Q3) , 
Jun N-terminal kinases/stress-activated protein kinases (JNK/SAPKs)(34, 35) , p38/HOGl(36, 37) , and 
p57 MAP kinases (38). The presence of at least six MAP kinases in yeast suggests that there are more in 
mammals. Sequence signatures of the ERK family are most apparent in subdomains V, VII, IX, and XI 
(39) and include a long insert between subdomains X and XI. The sequences of the regulatory 
phosphorylation lip (surface loop between subdomains VII and VIII, see below) are also related, with 
conserved dual phosphorylation sites ( Fig. 1 ). 

The MEK Protein Kinase Subfamily 

Several laboratories have uncovered additional MEKs, for which some substrates have been defined. A 
mammalian homolog of a MEK first identified in Xenopus (40) is called MAP kinase kinase 4 (MKK4), 
SAPK/ERK kinase (SEK), or INK kinase (JNKK), because in vitro it activates JNK/SAPK and 
p38/HOGl (27, 41, 42) but not ERK1 or ERK2(27) . Yet another newly cloned MEK, MKK3, 
selectively activates p38/HOGl in transfected cells (42). 

MAP Kinase Modules Mediate Distinct Signaling Events 

The consistent appearance of 3 -kinase cascades, first recognized in yeast, has engendered the concept of 
distinct MAP kinase modules(43) ( Fig. 2 ). The modules convey information to target effectors and 
coordinate incoming information from parallel signaling pathways. A canonical MAP kinase module 
consists of three protein kinases that act sequentially within one pathway: a MEKK (a MEK activator), a 
MEK (a MAP kinase activator), and a MAP kinase (any ERK homolog). Raf-1 (or B-Raf), MEK1 (or 
MEK2), and ERK2 (or ERK1) constitute the best known mammalian MAP kinase module. The second 
mammalian MAP kinase module to be defined apparently consists of MEKK 1, MKK4 (the MEK), and 
SAPK/JNK (the ERK)(44, 45) . MKK3 and p38/HOGl appear to define yet a third cascade. MEKK1 can 
activate MKK4, MKK3, MEK1, and MEK2Q7, 46, 47) , suggesting that MEKKs have a broader 
substrate specificity than MJSKs. Thus, enzymatic specificity of the MEK, not the MEKK, may limit 
cross-cascade noise. Additional contributions to specificity may be provided through subcellular targeting 
of the enzymes(48) . 
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kinase or MEKK. 



Figure 2: Mammalian MAP kinase modules. There are multiple MAP 
kinase modules in mammalian cells. Three that can be distinguished at 
present are the MAP kinase pathway, the JNK/SAPK pathway, and 
the HOG/p38 pathway. A MAP kinase module is a 3 -kinase cascade 
consisting of an ERK or MAP kinase, which is activated by a MEK or 
MAP kinase kinase that in turn is activated by a MAP kinase kinase 



Activation and Inactivation of the MAP Kinases El 

Phosphorylation by MEK on two sites is required for MAP kinase activation. The two activating 
phosphorylation sites, a tyrosine and a threonine (Tyr-185 and Thr-183 of ERK2, Fig. 2 and 3), lie 1 
residue apart on the MAP kinases (49) in the phosphorylation lip. In vivo and in vitro, phosphorylation of 
tyrosine precedes phosphorylation of threonine(50, 51) , although phosphorylation of either residue can 
occur in the absence of the other(52, 53) . Because both tyrosine and threonine phosphorylations are 
required to activate the MAP kinases, phosphatases that remove phosphate from either site will inactivate 
them. Certain dual specificity phosphatases selectively inactivate MAP kinases by dephosphorylating both 
sites (reviewed in Ref. 54). 



Three-dimensional Structure of ERK2 □ 

General Features 

The three-dimensional structure of the unphosphorylated form of ERK2 provides a picture of its low 
activity state(55) . It consists of a smaller N-terminal domain and a larger C-terminal domain connected 
by a linker or crossover region ( Fig. 3 ). similar to other protein kinases. ATP binds at a site deep in the 
catalytic cleft, formed at the interface between the two domains, whereas protein substrates bind on the 
surface. 



Figure 3: The positions of gain-of-function mutations of MAP kinase 
mapped onto the three-dimensional structure of ERK2. Red denotes 
oxygen atoms; all other atoms (C, N, S, H) except as noted below are 
shown in purple. Yellow indicates Thr-183 and Tyr-185, the 
phosphorylated side chains; darkblue denotes basic residues likely to 
be involved in binding the phosphorylated side chains, Brightgreen 
and turquoise indicate dominant and recessive mutations, respectively. 
The residue numbers of ERK2 corresponding to the mutations are 
indicated. A, standard kinase view (profile); B, a second view rotated ^80° looking into the 
phosphorylation lip. 
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Conformational Changes 

Phosphorylation probably activates ERK2 by causing both global and local conformational changes. The 
two domains of ERK2 are rotated ^17° farther apart than these domains in the structure of 
cAMP-dependent protein kinase (cAPK) (56). Therefore, a rotation of the N- and C-terminal domains 
must occur to cause closure of the active site and align the catalytic residues. 

In cAPK, a phosphothreonine residue located in the phosphorylation lip interacts with basic residues, one 
of which is located in the N-terminal domain, to stabilize the closed domain structure. Similar interactions 
are likely to stabilize the closed state of ERK2. A domain rotation within ERK2 would bring homologous 
basic residues, including Arg-65 in the N-terminal domain ( Fig. 3 ). into position to bind the phosphate 
group on Thr-183. 

The phosphorylation lip, which contains the Thr-183 and Tyr-185 phosphorylation sites, blocks access of 
substrates to the active site. The side chain of Tyr-185 lies buried near the active site, and its main chain 
occupies the substrate binding site. A local conformational change occurs upon phosphorylation, 
displacing Tyr-185 and creating a lip structure compatible with high catalytic activity. 

A Possible Binding Site for Phosphate on Tyr-185 

Arg-189 and -192, residues not highly conserved among the protein kinases, create an anion binding site 
( Fig. 3 ) on the surface of ERK2 near the phosphorylation lip(57) . In the refined, low activity structure 
this site was filled with a sulfate ion acquired during crystallization. Interaction of the phosphate group of 
Tyr-185 with these residues may help to stabilize the conformation of the lip in the active structure. 



MAP Kinase Mutants and Structural Implications □ 
The Phosphorylation Lip Controls the Activity of the MAP Kinases 

Biochemical and structural analyses of mutations of the activating phosphorylation sites suggest how 
phosphorylation increases ERK2 activity. The structure of the ERK2 mutant T183E and its basal activity 
are similar to wild type, but it is activated ^100-fold following a single phosphorylation on Tyr- 185(53) , 
suggesting that glutamate in part mimics the negative charge of threonine phosphate. The crystal 
structures of three ERK2 mutants at Tyr-185 (57) suggest changes in local conformation upon ERK2 
activation. In these mutants, 15 residues of the phosphorylation lip from Asp- 173 to Ala- 187 ( Fig. 1 ) are 
disordered(57) . Because any change to Tyr-185 introduces disorder into the low activity structure, 
Tyr-185 likely has an essential role in creating the low activity conformation. 

The findings of these structural studies have important implications for the regulation of ERK2 and 
related kinases. The disorder observed in the mutants indicates that the phosphorylation lip is not a stable 
structure and suggests that modest amounts of binding energy are sufficient to induce conformational 
changes in this region(57) . The phosphorylation lip must acquire a different conformation to be 
phosphorylated by MEK and, after phosphorylation, another conformation that is compatible with high 
catalytic activity. Tyr-185 is buried in the low activity conformation of ERK2, yet in the activation 
process it is phosphorylated first. The binding energy provided by interaction of ERK2 with MEK may be 
sufficient to dislodge Tyr-185 from its buried position allowing it access to the active site of MEK. 
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Locations of Mutations Identified in Genetic Selections for Activated MAP Kinases 

Thus far, no mutations have been identified that greatly increase MAP kinase activity in vitro\ however, 
gain-of-fiinction mutations have been found in two MAP kinases, the product of the Drosophila rolled 
gene (58) and FUS3(59) , a component of the pheromone response pathway in budding yeast. The 
mutations and the corresponding residues in ERK2 are listed in and displayed on the ERK2 structure in 
Fig. 3 . The mutations are characterized as dominant or recessive. 

The three recessive FUS3 mutations are buried in the N-terminal domain (Fig. 3 ). These are the least 
likely to affect interactions with other molecules. In ERK2 these residues are in close proximity and are 
involved in packing the P-ribbon (residues 6-18) that replaces the A helix found in cAPK. This ribbon 
contributes to the positioning and rigidity of the core P-sheet of the N-terminal domain and may influence 
the open conformation of the two domains in the inactive enzyme. These mutations may increase 
flexibility of this part of the molecule. 

The dominant mutations lie on the surface and could involve interactions with other molecules. Here we 
have analyzed other possible effects of these dominant mutations. One FUS3 mutation (His-230 of 
ERK2) results in a loss of charge on the substrate binding face near the putative phosphotyrosine binding 
site and most likely affects interactions with substrates or regulators. A second FUS3 mutant, Glu-58 of 
ERK2, lies in a part of the structure unique to ERKs that replaces the B helix of cAPK. This region, near 
the putative phosphothreonine binding site, may be important for interactions in the activated 
structure(57) . A Val to Leu mutation (V171L in ERK2) in FUS3 lies at the beginning of the 
phosphorylation lip. The mutation may release steric constraint associated with a P-branched residue, 
influencing refolding of the lip. The mutation identified in the rolled gene product (Asp-319 in ERK2) is 
just C-terminal to the conserved protein kinase core near the crossover region between the N- and 
C-terminal domains. Asp-319 forms a network of ionic interactions with residues conserved among MAP 
kinases to create a hinge bridging the N- and C-terminal domains. Thus, this mutation may affect the 
domain structure or orientation. 

Conclusion 

Thus far, no constitutively active MAP kinases are known, despite attempts at their genetic selection and 
site-directed mutagenesis. Such failure suggests that cells cannot tolerate the continuous activity of MAP 
kinase. Constitutively active mutants of MEK transform cells and generate tumors in nude mice(60) . 
However, effects of activated MEKs could be compensated for in a regulatable fashion by increasing 
phosphatase activity to inactivate MAP kinases. Perhaps the catastrophe that a cell might encounter if 
MAP kinases were constitutively active accounts for the diabolically complex mechanisms to activate 
these protein kinases and the multiplicity of mechanisms to inactivate them. 



Dominant mutations Recessive mutations 



ERK2 


FUS3 


ERK2FUS3 


Glu-58 


D48N 


Phc-17Y7H 


Val-171 


I1G1L 


V&L-19I9K 


His-230 


D227N 


Cys-38C28Y 


Asp-319 


wiled 






D334N 





Table: Gain-of-function mutations in MAP kinases 
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The gain-of-function mutations in FUS3 (59) and the rolled gem product (58) are listed with the 
corresponding residue numbers in ERK2 and are grouped as dominant or recessive. 



FOOTNOTES □ 

This minireview will be reprinted in the 1995 Minireview Compendium, which will be available in 
December, 1995. Work from the authors' laboratories was supported by grants from the Welch 
Foundation (II 128 to E. J. G. and 11243 to M. H. C), the National Institutes of Health (DK34128 
to M. H. C and DK46993 to E. J. G.), the Texas Advanced Research Program, and the Tobacco 
Research Council. 

§ 

To whom correspondence should be addressed: Dept. of Pharmacology, University of Texas 
Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas, TX 75235-9041. Tel.: 
214-648-3627; Fax: 214-648-2971. 



The abbreviations used are: MAP kinase, mitogen-activated protein kinase; ERK, extracellular 
signal-regulated protein kinase; MKK, MAP kinase/ERK kinase, MEK (the same as MAP kinase 
kinase; MEKK, MEK kinase; JNK/SAPK, Jun-N-terminal kinase/stress-activated protein kinase; 
PKC, protein kinase C; cAPK, cyclic AMP-dependent protein kinase. 



Because multiple isoforms of MEKK are likely to exist, the first isoform cloned will be referred to 
throughout as MEKK1 . 



ACKNOWLEDGEMENTS O 

We would like to thank Elliott Ross, Jessie Hepler, Meg Phillips, and Megan Robinson (UT 
Southwestern) for critical reading of the manuscript and suggestions about figures, members of the 
Goldsmith and the Cobb laboratories for their efforts and insights, and Jo Hicks for preparation of the 
manuscript. 



REFERENCES El 

1. Blenis, J.(1993) Proc. Natl. Acad. Sci. U. S. A 90, 5889-5892 r Abstract! 

2. Cobb, M. H., Hepler, J. E., Cheng, M., and Robbins, D.(1994) Seminars in Cancer Biol. 5, 
261-268 

3. Schlessinger, J.(1994) Curr. Opin. Genet. & Dev. 4, 25-30 

4. Ahn, N. G., Seger, R., Bratlien, R. L., Diltz, C. D., Tonks, N. K., and Krebs, E. G.(1991) J. Biol. 
Chem. 266, 4220-4227 fAbstractl 

5. Seger, R., Ahn, N. G., Boulton, T. G., Yancopoulos, G. D., Panayotatos, N., Radziejewska, E., 



7 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/fiill/270/25/14843 



Ericsson, L., Bratlien, R. L., Cobb, M. H., and Krebs, E. G.(1991) Proc. Natl. Acad. Sci. U. S. 
^.88.6142-6146 [Abstract] 

6. Campbell, J. S., Seger, R., Graves, J. D., Graves, L. M., Jensen, A. M., and Krebs, E. G.(1994) 
Recent Prog. Horm. Res.50, 131-159 

7. Burgering, B. M. T., de Vries-Smits, A. M. M, Medema, R. H., van Weeren, P. C, Tertoolen, L. 
G. J., and Bos, J. L.(1993) Mol. Cell. Biol.13, 7248-7256 [ Abstract] 

8. VanderKuur, J., Allevato, G., Billestrup, N., Norstedt, G, and Carter-Su, C.(1995) /. Biol. 
Chem.210, 7587-7593 [Abstract/Full Text] 

9. Winitz, S., Russell, M., Qian, N.-X., Gardner, A., Dwyer, L., and Johnson, G. L.(1993)7. Biol. 
Chem.26S, 19196-19199 [Abstract] 

10. Alblas, J., vanCorven, E. J., Hordijk, P. L., Milligan, G, and Moolenaar, W. H.(1993) J. Biol. 
Chem.268, 22235-22238 [Abstract] 

11. Robbins, D. J., Cheng, M., Zhen, E., Vanderbilt, C, Feig, L. A., and Cobb, M. H.(1992) Proc. 
Natl. Acad Sci. U. S. A.%9, 6924-6928 [Abstract] 

12. Howe, L. R., and Marshall, C. J.(1993)J. Biol. Chem.268, 20717-20720 [Abstract] 

13. L'Allemain, G, Sturgill, T. W., and Weber, M. J.(1991)Mo/. Cell. Biol.U, 1002-1008 fMedlinel 

14. Kazlauskas, A., and Cooper, J. A.(1988) J. Cell Biol. 106, 1395-1402 [Abstract] 

15. Rayter, S. I., Woodrow, M., Lucas, S. C, Cantrell, D. A, and Downward, D. A.(1992) EMBO 
J. 11, 4549-4556 [Abstract] 

16. Levers, S. J., and Marshall, C. J. (1992) EMBO J.U, 569-574 [Abstract] 

17. Kolch, W., Heldecker, G., Kochs, G, Hummel, R., Vahidi, H., Mischak, H., Finkenzeller, G, 
Marme, D., and Rapp, U. R.(1993) Nature364, 249-255 [Medline] 

18. Whitehurst, C. E., Owaki, H., Bruder, J. T„ Rapp, U. R., and Geppert, T. D.(1995) J. Biol. 
Chem.210 5594-5599 [Abstract/Full Text] 

19. Kyriakis, J. M., App, H., Zhang, X.-F., Banerjee, P., Brautigan, D. L., Rapp, U. R., and Avruch, 
J.(1992) Nature358, 417-421 [Medline] 

20. Dent, P., Haser, W., Haystead, T. A. J., Vincent, L. A., Roberts, T. M., and Sturgill, T. W.(1992) 
Science2Sl, 1404-1407 [Medline] 

21. Posada, J., Yew, N., Ahn, N. G, Vande Woude, G. F., and Cooper, J. A. (1993) Mol. Cell. 
Biol.13, 2546-2553 [Abstract] 

22. Nebreda, A. R., and Hunt, T.(1993) EMBO J. 12, 1979-1986 [Abstract] 

23. Lange-Carter, C. A., Pleiman, C. M., Gardner, A. M., Blumer, K. J., and Johnson, G. L.(1993) 
Science260, 315-319 [Medline] 

24. Haystead, C. M. M., Gregory, P., Shirazi, A., Fadden, P., Mosse, C, Dent, P., and Haystead, T. A. 
J.(1994)y. Biol. Chem.269, 12804-12808 [Abstract] 

25. Zheng, C. F., Ohmichi, M., Saltiel, A. R., and Guan, K.-L.(1994) Biochemistry33, 5595-5599 
[Medline] 

26. Lange-Carter, C. A, and Johnson, G. L.(1994) Science265, 1458-1461 [Medline] 

27. Lin, A., Minden, A., Martinetto, H., Claret, F.-X., Lange-Carter, C, Mercurio, F., Johnson, G., 
and Karin, M.(1995) Science268, 286-296 rMedline] 

28. Boulton, T. G, Yancopoulos, G D., Gregory, J. S., Slaughter, C, Moomaw, C, Hsu, J., and 
Cobb, M. H.(1990) Science249, 64-67 [Medline] 

29. Boulton, T. G., Nye, S. H., Robbins, D. J., Ip, N. Y., Radziejewska, E., Morgenbesser, S. D., 
DePinho, R. A., Panayotatos, N., Cobb, M. H., and Yancopoulos, G D.(1991) Cell6S, 663-675 
[Medline] 

30. Gotoh, Y., Moriyama, K., Matsuda, S., Okumura, E., Kishimoto, T., Kawasaki, H., Suzuki, K, 
Yahara, I, Sakai, H., and Nishida, E.(1991) EMBOJ.10, 2661-2668 [Abstract] 

31. Gonzalez, F. A., Raden, D. L., Rigby, M. R., and Davis, R. J.(1992) FEBS Lett.304, 170-178 
[Medline] 



8 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



32. Zhu, A. X., Zhao, Y. I., Moller, D. E., and Flier, J. S.(1994)M?/. Cell. Biol.U, 8202-8211 
[Abstract] 

33. Boulton, T. G, and Cobb, M. H.(1991) CellRegul.2, 357-371 fMedline] 

34. Kyriakis, J. M., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E. A., Ahmad, M. F., Avruch, J., and 
Woodgett, J. R.(1994) Nature369, 156-160 [Medline] 

35. Derijard, B., Hibi, M., Wu, I.-H., Barrett, T., Su, B., Deng, T., Karin, M., and Davis, R. J.(1994) 
G?//76, 1025-1037 [Medline] 

36. Han, J., Lee, J.-D., Bibbs, L., and Ulevitch, R. 1(1994) Science265, 808-81 1 [Medline] 

37. Rouse, J., Cohen, P., Trigon, S., Morange, M., Alonso-Llamazares, A, Zamanillo, D., Hunt, T., 
and Nebreda, A. R.( 1 994) CelUS, 1 027- 1 03 7 [Medline] 

38. Lee, H., Ghose-Dastidar, J., Winawer, S., and Friedman, E.(1993)7. Biol. Chem.26%, 5255-5263 
[Abstract] 

39. Hanks, S. K., Quinn, A. M., and Hunter, T.(1988) Science!*!, 42-52 [Medline] 

40. Yashar, B. M., Kelley, C, Yee, K., Errede, B., and Zon, L. 1.(1993) Mol. Cell. Biol.\3, 5738-5748 
[Abstract] 

41. Sanchez, I., Hughes, R. T., Mayer, B. J., Yee, K., Woodgett, J. R., Avruch, J., Kyriakis, J. M , and 
Zon, L. 1.(1994) Nature312, 794-798 [Medline] 

42. Derijard, B., Raingeaud, J., Barrett, T., Wu, I-H., Han, J., Ulevitch, R. J., and Davis, R. 1(1995) 
Science261, 682-685 Medline] 

43. Neiman, A M., Stevenson, B. J., Xu, H.-P., Sprague, G. F., Jr., Herskowitz, I., Wigler, M., and 
Marcus, S.(1993)Mo/. Biol. Cell4, 107-120 fAbstract] 

44. Yan, M., Dal, T., Deak, J. C, Kyriakis, J. M., Zon, L. I., Woodgett, J. R., and Templeton, D. 
J.(1994) Nature312, 798-800 fMedline] 

45. Minden, A., Lin, A, McMahon, M., Lange-Carter, C, Derijard, B., Davis, R. J., Johnson, G. L., 
and Karin, M.(1994) Science266, 1719-1723 [Medline] 

46. Thomas, J. E., Soriano, P., and Brugge, J. S.(1991) Science254, 568-571 [Medline] 

47. Xu, S., Robbins, D., Frost, J., Dang, A, Lange-Carter, C, and Cobb, M. H.(1995) Proc. Natl. 
Acad. Sci. U. S. A., in press 

48. Jelinek, T., Catling, A D., Reuter, C. W. M., Moodie, S. A., Wolfman, A., and Weber, M. 
J.(1994)M?/. Cell. Biol.U, 8212-8218 [Abstract] 

49. Payne, D. M., Rossomando, A. J., Martino, P., Erickson, A. K., Her, J.-H., Shananowitz, J., Hunt, 
D. F., Weber, M. J., and Sturgill, T. W. (1991) EMBOJ.10, 885-892 fAbstract] 

50. Robbins, D. J., and Cobb, M. H.(1992)M>/. Biol. Cell3, 299-308 [Abstract] 

51. Haystead, T. A J., Dent, P., Wu, J., Haystead, C. M. M., and Sturgill, T. W.(1992) FEBS 
Lett 306, 17-22 TMedline] 

52. Posada, J., and Cooper, J. A.(1992) Science2S5, 212-215 [Medline] 

53. Robbins, D. J., Zhen, E., Okami, H., Vanderbilt, C, Ebert, D., Geppert, T. D., and Cobb, M. 
H.(1993)/ Biol. Chem.268, 5097-5106 fAbstract] 

54. Hunter, T.(1995) Cell&O, 225-236 [Medline] 

55. Zhang, F., Strand, A., Robbins, D., Cobb, M. H., and Goldsmith, E. J. (1994) Nature367, 704-710 
[Medline] 

56. Knighton, D. R., Zheng, J., Ten Eyck, L. F., Ashford, V. A, Xuong, N.-H., Taylor, S. S., and 
Sowadski, J. M.(1991) Science253, 407-413 rMedline] 

57. Zhang, J., Zhang, F., Ebert, D., Cobb, M. H., and Goldsmith, E. J. (1995) Nature Structure3, 
299-307 

58. Brunner, D., Oellers, N., Szabad, J., Biggs, W., Zipursky, L., and Hafen, E.(1994) Ce//76, 875-888 
[Medline] 

59. Brill, J. A, Elion, E. A, and Fink, G. R.(1994)M?/. Cell. Biol.5, 297-312 

60. Mansour, S. J., Matten, W. T., Hermann, A. S., Candia, J. M., Rong, S., Fukasawa, K., Vande 



9 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 http://wwwjbc.org/cgi/content/full/270/25/14843 

Woude, G. F., and Ahn, N. G.(1994) Science265, 966-970 [Medline] 



©1995 by The American Society for Biochemistry and Molecular Biology, Inc. 



This article has been cited by other articles: 



Hwang, D., Rhee, S. H (1999). Receptor-mediated signaling 
pathways: potential targets of modulation by dietary fatty acids. 
Am. J. Clin. Nutr. 70: 545-556 [Abstract] [Full Text] 
Kimball, S. R., Horetsky, R. L., Jefferson, L. S. (1998). Signal 
transduction pathways involved in the regulation of protein 
synthesis by insulin in L6 myoblasts. Am. J. Physiol. 274: 221-228 
[Abstract! [Full Text] 



► Similar articles found in: 

JBC Online 
PubMed 

► PubMed Citation 

► This Article has been cited by; 

► Search Medline for articles by: 

Cobb, M. H. II Goldsmith, E. 

I 

► Alert me when: 

new articles cite this article 

► Download to Citation Manager 



Velarde, V., Ullian, M. E., Morinelli, T. A., Mayfield, R. K., Jaffa, 
A. A. (1999). Mechanisms of MAPK activation by bradykinin in 
vascular smooth muscle cells. Am. J. Physiol. 277: 253-261 [Abstract] [Full Text] 
Hayashi, T., Hirshman, M. F., Dufresne, S. D., Goodyear, L. J. (1999). Skeletal muscle contractile 
activity in vitro stimulates mitogen-activated protein kinase signaling. Am. J. Physiol. 211: 701-707 
[Abstract! [Full Text] 

Strakova, Z., Copland, J. A., Lolait, S. J., Soloff, M. S. (1998). ERK2 mediates 
oxytocin-stimulated PGE2 synthesis. Am. J. Physiol 274: 634-641 [Abstract] [Full Text] 
Pausawasdi, N., Ramamoorthy, S., Stepan, V., del Valle, J., Todisco, A. (2000). Regulation and 
function of p38 protein kinase in isolated canine gastric parietal cells. Am. J. Physiol 278: 24-31 
[Abstract] [Full Text] 

Go, Y.-M., Park, H., Maland, M. C, Darley-Usmar, V. M., Stoyanov, B., Wetzker, R., Jo, H. 

(1998) . Phosphatidylinositol 3-kinase gamma mediates shear stress-dependent activation of JNK in 
endothelial cells. Am. J. Physiol 275: 1898-1904 [Abstract] [Full Text] 

Ikeda, M., Takei, T., Mills, I., Kito, H., Sumpio, B. E. (1999). Extracellular signal-regulated 
kinases 1 and 2 activation in endothelial cells exposed to cyclic strain. Am. J. Physiol. 276: 
614-622 [Abstract] [Full Textl 

Go, Y.-M., Patel, R. P., Maland, M. C, Park, H., Beckman, J. S., Darley-Usmar, V. M., Jo, H. 

(1999) . Evidence for peroxynitrite as a signaling molecule in flow-dependent activation of c-Jun 
NH2-terminal kinase. Am. J. Physiol 277: 1647-1653 [Abstract] [Full Textl 

Park, H., Go, Y.-M., Darji, R., Choi, J.-W., Lisanti, M. P., Maland, M. C, Jo, H. (2000). 
Caveolin-1 regulates shear stress-dependent activation of extracellular signal-regulated kinase. Am. 
1 Physiol 278: 1285-1293 [Abstract] [Full Text] 

Edwards, Y. S., Sutherland, L. M., Power, J. H. T., Nicholas, T. E., Murray, A. W. (1998). 
Osmotic stress induces both secretion and apoptosis in rat alveolar type II cells. Am. J. Physiol 
275: 670-678 [Abstract] [Full Textl 

(1998). The Carl W. Gottschalkdagger Distinguished Lectureship of the Renal Section. Am. J. 
Physiol 274: 634-634 [Full Text] 

Guan, Z., Buckman, S. Y., Baier, L. D., Morrison, A. R. (1998). IGF-I and insulin amplify 
EL- 1 beta -induced nitric oxide and prostaglandin biosynthesis. Am. J. Physiol. 274: 673-679 
[Abstractl [Full Text] 

Deeg, M. A., Bowen, R. F., Oram, J. F., Bierman, E. L. (1997). High Density Lipoproteins 



10 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



Stimulate Mitogen- Activated Protein Kinases in Human Skin Fibroblasts. Arterioscler Thromb 
Vase Biol 17: 1667-1674 f Abstract] [Full Text] 

• Kim, S.-C, Hahn, J.-S., Min, Y.-H., Yoo, N.-C, Ko, Y.-W., Lee, W.-J. (1999). Constitutive 
Activation of Extracellular Signal-Regulated Kinase in Human Acute Leukemias: Combined Role 
of Activation of MEK, Hyperexpression of Extracellular Signal-Regulated Kinase, and 
Downregulation of a Phosphatase, PAC 1 . Blood 93 : 3893-3899 [Abstractl [Full Text! 

• Gupta, A., Rosenberger, S. F., Bowden, G. T. (1999). Increased ROS levels contribute to elevated 
transcription factor and MAP kinase activities in malignantly progressed mouse keratinocyte cell 
lines. Carcinogenesis 20: 2063-2073 [Abstract] ITull Text] 

• Pinelli, E., Poux, N., Garren, L., Pipy, B., Castegnaro, M., Miller, D. J., Pfohl-Leszkowicz, A. 
(1999). Activation of mitogen-activated protein kinase by fumonisin Bl stimulates cPLA2 
phosphorylation, the arachidonic acid cascade and cAMP production. Carcinogenesis 20: 
1683-1688 [Abstract] ITull Text] 

• Nick, J. A., Avdi, N. J., Young, S. K., McDonald, P. P., Billstrom, M. A., Henson, P. M., Johnson, 
G. L., Worthen, G. S. (1999). An Intracellular Signaling Pathway Linking Lipopolysaccharide 
Stimulation to Cellular Responses of the Human Neutrophil: The p38 MAP Kinase Cascade and its 
Functional Significance. Chest 116: 54-55 [Full Text] 

• Bogoyevitch, M. A., Gillespie-Brown, J., Ketterman, A. I, Fuller, S. I, Ben-Levy, R., Ashworth, 
A., Marshall, C. J., Sugden, P. H. (1996). Stimulation of the Stress-Activated Mitogen-Activated 
Protein Kinase Subfamilies in Perfused Heart: p38/RK Mitogen-Activated Protein Kinases and 
c-Jun N-Terminal Kinases Are Activated by Ischemia/Reperfusion. Circulation Research 79: 
162-173 T Abstract] [Full Text] 

• Chen, X.-L., Tummala, P. E., Olbrych, M. T., Alexander, R. W., Medford, R. M. (1998). 
Angiotensin II Induces Monocyte Chemoattractant Protein- 1 Gene Expression in Rat Vascular 
Smooth Muscle Cells. Circulation Research 83: 952-959 [Abstract] fFull Text] 

• Banfi, C, Mussoni, L., Rise, P., Cattaneo, M. G., Vicentini, L., Battaini, F., Galli, C, Tremoli, E. 
(1999). Very Low Density Lipoprotein-Mediated Signal Transduction and Plasminogen Activator 
Inhibitor Type 1 in Cultured HepG2 Cells. Circulation Research 85: 208-217 

[Abstract] fFull Text] 

• Snabaitis, A. K., Yokoyama, H., Avkiran, M. (2000). Roles of Mitogen-Activated Protein Kinases 
and Protein Kinase C in {alpha}lA-Adrenoceptor-Mediated Stimulation of the Sarcolemmal 
Na+-H+ Exchanger. Circulation Research 86: 214-220 [Abstract] [Full Text] 

• Kim-Schulze, S., Lowe, W. L. Jr, Schnaper, H. W. (1998). Estrogen Stimulates Delayed 
Mitogen-Activated Protein Kinase Activity in Human Endothelial Cells via an Autocrine Loop That 
Involves Basic Fibroblast Growth Factor. Circulation 98: 413-421 [Abstract] [Full Text] 

• Kamata, H., Shibukawa, Y., Oka, S.-L, Hirata, H. (2000). Epidermal growth factor receptor is 
modulated by redox through multiple mechanisms: Effects of reductants and H202. EurJBiochem 
267: 1933-1944 [Abstract] fFull Text] 

• Takekawa, M., Posas, F., Saito, H. (1997). A human homolog of the yeast Ssk2/Ssk22 MAP 
kinase kinase kinases, MTK1, mediates stress-induced activation of the p38 and JNK pathways. 
EMBOJ. 16: 4973-4982 fAbstractl [Full Text] 

• Moriguchi, T., Toyoshima, F., Masuyama, N., Hanafusa, H., Gotoh, Y., Nishida, E. (1997). A 
novel SAPK/JNK kinase, MKK7, stimulated by TNFalpha and cellular stresses. EMBO 1 16: 
7045-7053 [Abstract] [Full Text] 

• Su, Y.-C, Han, I, Xu, S., Cobb, M., Skolnik, E. Y. (1997). NIK is a new Ste20-related kinase 
that binds NCK and MEKK1 and activates the SAPK/JNK cascade via a conserved regulatory 
domain. EMBOJ. 16: 1279-1290 [Abstract] [Full Text] 

• Fukuda, M., Gotoh, Y., Nishida, E. (1997). Interaction of MAP kinase with MAP kinase kinase: its 
possible role in the control of nucleocytoplasmic transport of MAP kinase. EMBOJ. 16: 
1901-1908 [Abstract] fFull Textl 



11 of 25 

L 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



• Takekawa, M, Maeda, T., Saito, H. (1998). Protein phosphatase 2Calpha inhibits the human 
stress-responsive p38 and JNK MAPK pathways. EMBO J. 17: 4744-4752 [Abstract] [Full Text] 

• Pulido, R., Zuniga, A., Ullrich, A. (1998). PTP-SL and STEP protein tyrosine phosphatases 
regulate the activation of the extracellular signal-regulated kinases ERK1 and ERK2 by association 
through a kinase interaction motif. EMBO J. 17: 7337-7350 [Abstract! [Full Text! 

• Li, X., Lee, J. W., Graves, L. M., Earp, H.S. (1998). Angiotensin II stimulates ERK via two 
pathways in epithelial cells: protein kinase C suppresses a G-protein coupled receptor-EGF 
receptor transactivation pathway. EMBO J. 17: 2574-2583 [Abstract] [Full Text] 

• Widegren, U., Jiang, X. J., Krook, A., Chibalin, A. V., Bjornholm, M., Tally, M., Roth, R. A., 
Henriksson, I, Wallberg-henriksson, H., Zierath, J. R. (1998). Divergent effects of exercise on 
metabolic and mitogenic signaling pathways in human skeletal muscle. FASEB J. 12: 1379-1389 
[Abstract] fFull Text] 

• Campana, W. M., Hiraiwa, M., O'brien, J. S. (1998). Prosaptide activates the MAPK pathway by a 
G-protein-dependent mechanism essential for enhanced sulfatide synthesis by Schwann cells. 
FASEB J. 12: 307-3 14 [Abstract] fFull Text] 

• Gaits, F., Degols, G., Shiozaki, K., Russell, P. (1998). Phosphorylation and association with the 
transcription factor Atfl regulate localization of Spcl/Styl stress-activated kinase in fission yeast. 
Genes & Dev. 12: 1464-1473 r Abstract] fFull Text] 

• Su, Y.-C, Treisman, J. E., Skolnik, E. Y. (1998). The Drosophila Ste20-related kinase misshapen 
is required for embryonic dorsal closure and acts through a JNK MAPK module on an 
evolutionarily conserved signaling pathway. Genes & Dev. 12: 2371-2380 [Abstract] [Full Text] 

• Bardwell, L., Cook, J. G., Voora, D., Baggott, D. M., Martinez, A. R., Thorner, J. (1998). 
Repression of yeast Stel2 transcription factor by direct binding of unphosphorylated Kssl MAPK 
and its regulation by the Ste7 MEK. Genes & Dev. 12: 2887-2898 [Abstract] fFull Text] 

• Xia, Y., Wu, Z., Su, B., Murray, B., Karin, M. (1998). JNKK1 organizes a MAP kinase module 
through specific and sequential interactions with upstream and downstream components mediated 
by its amino-terminal extension. Genes & Dev. 12: 3369-3381 [Abstract] [Full Text] 

• Nguyen, A. N., Shiozaki, K. (1999). Heat shock-induced activation of stress MAP kinase is 
regulated by threonine- and tyrosine-specific phosphatases. Genes & Dev. 13: 1653-1663 
[Abstract] [Full Text] 

• Zhan, X.-L., Guan, K.-L. (1999). A specific protein-protein interaction accounts for the in vivo 
substrate selectivity of Ptp3 towards the Fus3 MAP kinase. Genes & Dev. 13: 281 1-2827 
[Abstract] [Full Text] 

• Kothe, G. 0., Free, S. J. (1998). The Isolation and Characterization of nrc-1 and nrc-2, Two Genes 
Encoding Protein Kinases That Control Growth and Development in Neurospora crassa. Genetics 
149: 117-130 f Abstract] [Full Text] 

• McKillop, I. H., Schmidt, * C. M., Cahill, * P. A, Sitzmann, J. V. (1999). Altered Gq/Gll 
Guanine Nucleotide Regulatory Protein Expression in a Rat Model of Hepatocellular Carcinoma: 
Role in Mitogenesis. Hepatology 29: 371-378 [Abstract] fFull Text] 

• Hii, C. S. T., Stacey, K., Moghaddami, N., Murray, A. W., Ferrante, A. (1999). Role of the 
Extracellular Signal-Regulated Protein Kinase Cascade in Human Neutrophil Killing of 
Staphylococcus aureus and Candida albicans and in Migration. Infect. Immun. 67: 1297-1302 
[Abstract] fFull Text] 

• Karin, M. (1995). The Regulation of AP-1 Activity by Mitogen-activated Protein Kinases. J. Biol. 
Chem. 270: 16483-16486 fFull Text] 

• Kramer, R. M., Roberts, E. F., Strifler, B. A., Johnstone, E. M. (1995). Thrombin Induces 
Activation of p38 MAP Kinase in Human Platelets. J. Biol. Chem. 270: 27395-27398 
fAbstract] [Full Text] 

• Wang, X.-Y., Fuhrer, D. K., Marshall, M. S., Yang, Y.-C. (1995). Interleukin-1 1 Induces Complex 
Formation of Grb2, Fyn, and JAK2 in 3T3L1 Cells. J. Biol. Chem. 270: 27999-28002 



12 of 25 

i 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



[Abstract] fFull Text] 

• Gillespie-Brown, J., Fuller, S. J., Bogoyevitch, M. A., Cowley, S., Sugden, P. H. (1995). The 
Mitogen-activated Protein Kinase Kinase MEK1 Stimulates a Pattern of Gene Expression Typical 
of the Hypertrophic Phenotype in Rat Ventricular Cardiomyocytes. J. Biol. Chem. 270: 
28092-28096 [Abstract] fFull Text] 

• English, J. M., Vanderbilt, C. A., Xu, S., Marcus, S., Cobb, M. H. (1995). Isolation of MEK5 and 
Differential Expression of Alternatively Spliced Forms. J. Biol. Chem. 270: 28897-28902 
[Abstract] [Full Text] 

• Kumar, S., McLaughlin, M. M., McDonnell, P. C, Lee, J. C, Livi, G. P., Young, P. R. (1995). 
Human Mitogen-activated Protein Kinase CSBP1, but Not CSBP2, Complements a hogl Deletion 
in Yeast. J. Biol. Chem. 270: 29043-29046 f Abstract] fFull Text] 

• Voisin, T., Lorinet, A.-M., Maoret, J. -J., Couvineau, A., Laburthe, M. (1996). Galpha(i) RNA 
Antisense Expression Demonstrates the Exclusive Coupling of Peptide YY Receptors to 
GflMAGE] Proteins in Renal Proximal Tubule Cells. J. Biol. Chem. 271: 574-580 

f Abstract! fFull Text] 

• Chen, D., Waters, S. B., Holt, K. H., Pessin, J. E. (1996). SOS Phosphorylation and Disassociation 
of the Grb2-SOS Complex by the ERK and JNK Signaling Pathways. J. Biol. Chem. 271 : 
6328-6332 [Abstract] fFull Text] 

• Chu, Y., Solski, P. A., Khosravi-Far, R., Der, C. J., Kelly, K. (1996). The Mitogen-activated 
Protein Kinase Phosphatases PAC1, MKP-1, and MKP-2 Have Unique Substrate Specificities and 
Reduced Activity in Vivo toward the ERK2 sevenmaker Mutation. J. Biol. Chem. 271 : 6497-6501 
[Abstract] [Full Text] 

• McLaughlin, M. M., Kumar, S., McDonnell, P. C, Van Horn, S., Lee, J. C, Livi, G. P., Young, P. 
R. (1996). Identification of Mitogen-activated Protein (MAP) Kinase-activated Protein Kinase-3, a 
Novel Substrate of CSBP p38 MAP Kinase. J. Biol. Chem. 271 : 8488-8492 [Abstract] [Full Text] 

• Cheng, M., Boulton, T. G., Cobb, M. H. (1996). ERK3 Is a Constitutively Nuclear Protein Kinase. 
J. Biol. Chem. 271: 8951-8958 [Abstract] [Full Text] 

• Meyer, C. F., Wang, X., Chang, C, Templeton, D., Tan,, T.-H. (1996). Interaction between c-Rel 
and the Mitogen-activated Protein Kinase Kinase Kinase 1 Signaling Cascade in Mediating kappaB 
Enhancer Activation. J. Biol. Chem. 271 : 8971-8976 [Abstract] [Full Text] 

• Peng, M., Huang, L., Xie, Z., Huang, W.-H., Askari, A. (1996). Partial Inhibition of 
Na[IMAGE]/K[IMAGE]-ATPase by Ouabain Induces the Ca[IMAGE]-dependent Expressions of 
Early-response Genes in Cardiac Myocytes. J. Biol. Chem. 271: 10372-10378 

[Abstract] [Full Text] 

• Heidenreich, K. A., Kummer, J. L. (1996). Inhibition of p38 Mitogen-activated Protein Kinase by 
Insulin in Cultured Fetal Neurons. /. Biol. Chem. 271: 9891-9894 [Abstract] [Full Text] 

• Davis, B. H., Chen, A., Beno, D. W. A. (1996). Raf and Mitogen-activated Protein Kinase 
Regulate Stellate Cell Collagen Gene Expression. J. Biol. Chem. 271: 1 1039-1 1042 
TAbstract] fFull Text] 

• Lee, M.-J., Evans, M., Ffla, T. (1996). The Inducible G Protein-coupled Receptor edg-1 Signals via 
the G(i)/Mitogen-activated Protein Kinase Pathway. J. Biol. Chem. 271 : 1 1272-1 1279 
TAbstract] fFull Text] 

• Sauma, S., Friedman, E. (1996). Increased Expression of Protein Kinase Cbeta Activates ERK3. J. 
Biol. Chem. 271 : 1 1422-1 1426 [Abstract] fFull Text] 

• Stein, B., Brady, H., Yang, M. X., Young, D. B , Barbosa, M. S. (1996). Cloning and 
Characterization of MEK6, a Novel Member of the Mitogen-activated Protein Kinase Kinase 
Cascade J. Biol. Chem. 271: 11427-11433 [Abstract] fFull Text] 

• Cheng, M., Zhen, E., Robinson, M. J., Ebert, D., Goldsmith, E., Cobb, M. H. (1996). 
Characterization of a Protein Kinase that Phosphorylates Serine 189 of the Mitogen-activated 
Protein Kinase Homolog ERK3. J. Biol. Chem. 271: 12057-12062 [Abstract] fFull Text] 



13 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



• Moriguchi, T., Kuroyanagi, N., Yamaguchi, K., Gotoh, Y., Irie, K., Kano, T., Shirakabe, K., 
Muro, Y., Shibuya, H., Matsumoto, K., Nishida, E., Hagiwara, M. (1996). A Novel Kinase 
Cascade Mediated by Mitogen-activated Protein Kinase Kinase 6and MKK3. J. Biol. Chem. 271 : 
13675-13679 fAbstractl fFull Text] 

• Eguchi, S., Matsumoto, T., Motley, E. D., Utsunomiya, H, Inagami, T. (1996). Identification of an 
Essential Signaling Cascade for Mitogen-activated Protein Kinase Activation by Angiotensin II in 
Cultured Rat Vascular Smooth Muscle Cells. POSSIBLE REQUIREMENT OF Gq-MEDIATED 
P 21ras ACTIVATION COUPLED TO A Ca2+/CALM0DULIN-SENSITIVE TYROSINE 
KINASE. J. Biol. Chem. 271 : 14169-14175 fAbstractl rFull Text] 

• Tanaka, S., Ito, T., Wands, J. R. (1996). Neoplastic Transformation Induced by Insulin Receptor 
Substrate- 1 Overexpression Requires an Interaction with Both Grb2 and Syp Signaling Molecules. 
J. Biol. Chem. 271: 14610-14616 [Abstract! rFull Text] 

• Lo, Y. Y.C., Wong, J. M.S., Cruz, T. F. (1996). Reactive Oxygen Species Mediate Cytokine 
Activation of c-Jun Nffi-terminal Kinases. J. Biol. Chem. 271 : 15703-15707 

[Abstract] fFull Text] 

• Servant, M. I, Giasson, E., Meloche, S. (1996). Inhibition of Growth Factor-induced Protein 
Synthesis by a Selective MEK Inhibitor in Aortic Smooth Muscle Cells. J. Biol. Chem. 271 : 
16047-16052 [Abstract] fFull Text] 

• Iwasaki, S., Hattori, A., Sato, M., Tsujimoto, M., Kohno, M. (1996). Characterization of the Bone 
Morphogenetic Protein-2 as a Neurotrophic Factor. INDUCTION OF NEURONAL 
DIFFERENTIATION OF PC 12 CELLS IN THE ABSENCE OF MITOGEN-ACTIVATED 
PROTEIN KINASE ACTIVATION. J. Biol. Chem. 271: 17360-17365 [Abstract] [Full Text] 

• Knoepp, S. M., Wisehart-Johnson, A. E., Buse, M. G, Bradshaw, C. D., Ella, K. M., Meier, K. E. 
(1996). Synergistic Effects of Insulin and Phorbol Ester on Mitogen-activated Protein Kinase in 
Rat-1 FUR Cells. J. Biol. Chem. 271: 1678-1686 [Abstract] fFull Text] 

• Lander, H. M., Jacovina, A. T., Davis, R. J., Tauras, J. M. (1996). Differential Activation of 
Mitogen-activated Protein Kinases by Nitric Oxide-related Species. J. Biol. Chem. 271: 
19705-19709 rAbstractl fFull Textl 

• Fukuda, M., Gotoh, I., Gotoh, Y., Nishida, E. (1996). Cytoplasmic Localization of 
Mitogen-activated Protein Kinase Kinase Directed by Its Nffi-terminal, Leucine-rich Short Amino 
Acid Sequence, Which Acts as a Nuclear Export Signal. J. Biol. Chem. 21V. 20024-20028 

f Abstract] fFull Textl 

• Voyno-Yasenetskaya, TatyanaA., Faure, MichelP., Ahn, NatalieG, Bourne, HenryR. (1996). 
Galpha 12 and Galpha 13 Regulate Extracellular Signal-regulated Kinase and c-Jun Kinase 
Pathways by Different Mechanisms in COS-7 Cells. J. Biol. Chem. 271: 21081-21087 
fAbstract] fFull Textl 

• Trejo, J., Connolly, A. J., Coughlin, S. R. (1996). The Cloned Thrombin Receptor Is Necessary 
and Sufficient for Activation of Mitogen-activated Protein Kinase and Mitogenesis in Mouse Lung 
Fibroblasts. LOSS OF RESPONSES IN FIBROBLASTS FROM RECEPTOR KNOCKOUT 
MICE. J. Biol. Chem. 271 : 21536-21541 fAbstract] fFull Text] 

• Jaiswal, R. K., Weissinger, E., Kolch, W., Landreth, G. E. (1996). Nerve Growth Factor-mediated 
Activation of the Mitogen-activated Protein (MAP) Kinase Cascade Involves a Signaling Complex 
Containing B-Raf and HSP90. J. Biol. Chem. 271: 23626-23629 [Abstract! fFull Textl 

• Moriguchi, T., Toyoshima, F., Gotoh, Y., Iwamatsu, A, Irie, K., Mori, E., Kuroyanagi, N., 
Hagiwara, M., Matsumoto, K., Nishida, E. (1996). Purification and Identification of a Major 
Activator for p38 from Osmotically Shocked Cells. ACTIVATION OF MITOGEN-ACTIVATED 
PROTEIN KINASE KINASE 6BY OSMOTIC SHOCK, TUMOR NECROSIS FACTOR-alpha , 
AND H202. J. Biol. Chem. 271 : 26981-26988 fAbstractl fFull Textl 

• Wilson, K. P., Fitzgibbon, M. I, Caron, P. R , Griffith, J. P., Chen, W., McCaffrey, P. G, 
Chambers, S. P., Su, M. S.-S. (1996). Crystal Structure of p38 Mitogen-activated Protein Kinase. 



14 of 25 



5/3/00 3:09 PM 



- Cobb and Goldsmith 270 (25). 14843 



httpy/www.jbc.org/cgi/content/full/270/25/14843 



J. Biol. Chem. 271: 27696-27700 [Abstract] fFull Text] 

• f^T' * .Roberts, E " F > Um > S. L., Borsch-Haubold, A. G., Watson, S P Fisher M J 
Jakubowsk,, J. A. 1996). p38 Mitogen-activated Protein Knase Phosphorates 'bZSc 
p^ P ^ Pa ^ (cPLA2) in Throm bin-stimulated Platelets. EVIDENCE : THAT 

SSSS^S SP^^S 1 18 N ° T REQUIRED F ° R MOBILIZATION OF 
AKACMDONIC ACID BY CPLA2. J. Biol. Chem. 271: 27723-27729 TAbstractl HFull Tewl 

• Robmson^egatf Cheng, M, Khokhlatchev, A., Ebert, D„ Aim. X°qT&s£b 
Goldsmith, E., Cobb, MelanieH. (1996). Contributions of the Mitogen-activated' Proteta OrfAP) 

29734-29739 fAbstract] fFull Text] 

' PHaI n h L T aWr r nC6 ' J C A/i>^" 6) C ° ntr01 ° f the T ™>ationaI Regulators PHAS-I and 

^ J ^.fJ 11 ^ CAMP m 3T3 ' L1 Adi P° c y*s. J. Biol. Chem. 271: 30199-30204 
I Abstract] fFull Text] 

• Card, K., Kummer, J. L., Schubert, C, Leitner, W., Heidenreich, K. A, Draznin B (1996) 

aT™ rt U f i°8 en - aCtivated Protein ^ by a Ras-independent Pathway in 3T3-L1 
Adipocytes. J. Biol. Chem. 271 : 30625-30630 fAbstract] [Full Text! 

• Kumar S., Orsini, M. J., Lee, J. C, McDonnell, P. C, Debouck, C, Young PeterR (1996) 
^^Sff Terminal Repeat by Cytokines and E^nSr^r Q s 

. n k L x ^ MAP KmaSe - J< 5/0/> C/?ew - 271 : 30864-30869 fAbstract] fFull Textl 
Osborn M T., Chambers T. C. (1996). Role of the Stress-activated/clu^ 
Kinase Pathway ,n the Cellular Response to Adriamycin and Other Chemotherapeutic Drug T 
Biol. Chem. 271 : 30950-30955 fAbstract] fFull Text] 8 

' Y^\\l^Zi K \ J 7t UZZi ' D >™ M ^> D ' Tan > T -H-, Lichenstein, H., Zukowski, M , 
Yao, Z. (1996). Molecular Cloning and Characterization of a Novel Protein Kinase with a Catalytic 

?iZ m ^°n °r A °f US t0 , M* to gen-activated Protein Kinase Kinase Kinase. J. Biol. Chem. 271 
31607-31611 fAbstract] fFull Text] 

• Kamata, H., Tanaka, C Yagisawa, H., Matsuda, S., Gotoh, Y, Nishida, E., Hirata, H (1996) 
Suppression of Nerve Growth Factor-induced Neuronal Differentiation of PC12 Cells 
^1^° YSTEINE UNCOUPLES THE SIGNAL TRANSDUCTION FROM Ras TO THE 
S IPS™ PR0TEIN ^ CASCADE 1 Bi ° L ^ 2 ^™^025 

' M " da ' M - ?? chert ' U ^ M Schlegel W 

New Cla ; of ^ ^ ^ That Exemplifies' a 

New Class of Mitogen-activated Protein Kinase Phosphatase. J. Biol. Chem. 271 ■ 43 19-4326 
I Abstract] fFull Text] 

• Coohcan, S. A Samuel, D. S., Ewton, D. Z., McWade, F. J., Florini, J. R. (1997) The Mitogenic 

• Thuerauf, D. J Glembotski, C. C. (1997). Differential Effects of Protein Kinase C, Ras and Raf-1 
Kinase on the Induction of the Cardiac B-type Natriuretic Peptide Gene through a Critical 
Promoter-proximal M-CAT Element. J. Biol. Chem. 272: 7464-7472 fAbstract] fFull Textl 

%7* V"' G u B - , Sanghera ' J S - Tai ' G - 0h ' S - S > Pelech^X0i9SMd^ification 

of Two Essential Phosphorylated Threonine Residues In the Catalytic Domain of Mekkl 

^o C 7r^ TIV ^ TI ° N B Y Pak3 ^ PR0TEIN ™**E S J- BTche^lll 
7586-7594 fAbstract] fFull Text] 

Guan, Z„ Baier, L. D., Morrison, A. R. (1997). p38 Mitogen-activated Protein Kinase 
Down-regulates Nitric Oxide and Up-regulates Prostaglandin E2 Biosynthesis Stimulated by 
Interleukin- 1 beta. J. Biol. Chem. 272: 8083-8089 fAbstract] fFull Text] 
Shirakabe, K., Yamaguchi, K., Shibuya, H., Irie, K., Matsuda, S., Moriguchi T Gotoh Y 
Matsumoto, K., Nishida, E. (1997). TAK1 Mediates the Ceramide Signaling to Stress-activated 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



Protein Kinase/c-Jun N-terminal Kinase. /. Biol. Chem. 272: 8141-8144 [Abstract] [Full Text] 

• Hua, S.-B., Wang, C. C. (1997). Interferon-gamma Activation of a Mitogen-activated Protein 
Kinase, KFR1, in the Bloodstream Form of Trypanosoma brucei. J. Biol. Chem. 272: 10797-10803 
TAbstractl [Full Text] 

• Wilmer, W. A, Tan, L. C, Dickerson, J. A, Danne, M., Rovin, B. H. (1997). Interleukin-lbeta 
Induction of Mitogen-activated Protein Kinases in Human Mesangial Cells. ROLE OF 
OXIDATION. J. Biol. Chem. 272: 10877-10881 [ Abstract] TFull Text] 

• Khokhlatchev, A, Xu, S., English, J., Wu, P., Schaefer, E., Cobb, M. H. (1997). Reconstitute of 
Mitogen-activated Protein Kinase Phosphorylation Cascades in Bacteria. EFFICIENT 
SYNTHESIS OF ACTIVE PROTEIN KINASES. J. Biol. Chem. 272: 1 1057-1 1062 

r Abstract] [Full Text] 

• Schramek, H., Feifel, E., Healy, E., Pollack, V. (1997). Constitutively Active Mutant of the 
Mitogen-activated Protein Kinase Kinase MEK1 Induces Epithelial Dedifferentiation and Growth 
Inhibition in Madin-Darby Canine Kidney-C7 Cells. J. Biol. Chem. 272: 1 1426-1 1433 

r Abstract] [Full Text] 

• Schievella, A. R., Chen, J. H., Graham, J. R., Lin, L.-L. (1997). MADD, a Novel Death Domain 
Protein That Interacts with the Type 1 Tumor Necrosis Factor Receptor and Activates 
Mitogen-activated Protein Kinase. J. Biol. Chem. 272: 12069-12075 [Abstract] fFull Text] 

• Young, P. R., McLaughlin, M. M., Kumar, S., Kassis, S., Doyle, M. L., McNulty, D., Gallagher, 
T. F., Fisher, S., McDonnell, P. C, Carr, S. A, Huddleston, M. J., Seibel, G., Porter, T. G., Livi, 
G. P., Adams, J. L., Lee, I C. (1997). Pyridinyl Imidazole Inhibitors of p38 Mitogen-activated 
Protein Kinase Bind in the ATP Site. J. Biol. Chem. 272: 12116-12121 [Abstract] [Full Text] 

• Jo, H., Sipos, K., Go, Y.-M., Law, R., Rong, J., McDonald, J. M. (1997). Differential Effect of 
Shear Stress on Extracellular Signal-regulated Kinase and N-terminal Jun Kinase in Endothelial 
Cells. Gi2- AND Gbeta /gamma -DEPENDENT SIGNALING PATHWAYS. J. Biol. Chem. 272 
1395-1401 [Abstract] [Full Text] 

• Deacon, K., Blank, J. L. (1997). Characterization of the Mitogen-activated Protein Kinase Kinase 
4 (MKK4)/c-Jun NH2-terminal kinase 1 and MKK3/p38 Pathways Regulated by MEK Kinases 

2 and 3. MEK KINASE 3 ACTIVATES MKK3 BUT DOES NOT CAUSE ACTIVATION OF 
p38 KINASE IN VIVO. J. Biol. Chem. 272: 14489-14496 [Abstract] [Full Text] 

• Li, X., Yu, H., Graves, L. M., Earp, H. S. (1997). Protein Kinase C and Protein Kinase A Inhibit 
Calcium-dependent but not Stress-dependent c-Jun N-terminal Kinase Activation in Rat Liver 
Epithelial Cells. J. Biol. Chem. 272: 14996-15002 [Abstract] [Full Text] 

• Takahashi, T., Kawahara, Y., Okuda, M., Ueno, H., Takeshita, A., Yokoyama, M. (1997). 
Angiotensin II Stimulates Mitogen-activated Protein Kinases and Protein Synthesis by a 
Ras-independent Pathway in Vascular Smooth Muscle Cells. J. Biol. Chem. 272: 16018-16022 
f Abstract] [Full Text] 

• Franklin, C. C, Kraft, A. S. (1997). Conditional Expression of the Mitogen-activated Protein 
Kinase (MAPK) Phosphatase MKP-1 Preferentially Inhibits p38 MAPK and Stress-activated 
Protein Kinase in U937 Cells. J. Biol. Chem. 272: 16917-16923 [Abstract] [Full Text] 

• Jacoby, T., Flanagan, H., Faykin, A., Seto, A. G., Mattison, C, Ota, I. (1997). Two 
Protein-tyrosine Phosphatases Inactivate the Osmotic Stress Response Pathway in Yeast by 
Targeting the Mitogen-activated Protein Kinase, Hogl. J. Biol. Chem. 272: 17749-17755 

f Abstract] [Full Text] 

• Gaits, F., Shiozaki, K., Russell, P. (1997). Protein Phosphatase 2C Acts Independently of 
Stress-activated Kinase Cascade to Regulate the Stress Response in Fission Yeast. J. Biol. Chem. 
272: 17873-17879 [Abstract] [Full Text] 

• Kawasaki, H., Morooka, T., Shimohama, S., Kimura, J., Hirano, T., Gotoh, Y., Nishida, E. (1997). 
Activation and Involvement of p38 Mitogen-activated Protein Kinase in Glutamate-induced 
Apoptosis in Rat Cerebellar Granule Cells. J. Biol. Chem. 272: 18518-18521 



16 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



r Abstract] fFull Text] 

• Horiuchi, M., Hayashida, W., Kambe, T., Yamada, T., Dzau, V. J. (1997). Angiotensin Type 

2 Receptor Dephosphorylates Bcl-2 by Activating Mitogen-activated Protein Kinase Phosphatase- 1 
and Induces Apoptosis. J. Biol. Chem. 272: 19022-19026 rAbstract] fFull Text] 

• Delia Rocca, G. J., van Biesen, T., Daaka, Y., Luttrell, D. K., Luttrell, L. M., Lefkowitz, R. J. 
(1997). Ras-dependent Mitogen-activated Protein Kinase Activation by G Protein-coupled 
Receptors. CONVERGENCE OF Gi- AND Gq-MEDIATED PATHWAYS ON 
CALCnJM/CALMODULIN, Pyk2, AND Src KINASE. J. Biol. Chem. 272: 19125-19132 
[Abstract] rFull Textl 

• Watanabe, G, Pena, P., Albanese, C, Wilsbacher, L. D., Young, J. B., Pestell, R. G. (1997). 
Adrenocorticotropin Induction of Stress-activated Protein Kinase in the Adrenal Cortex in Vivo. J. 
Biol. Chem. 272: 20063-20069 [Abstract] fFull Text] 

• Kummer, J. L., Rao, P. K., Heidenreich, K. A. (1997). Apoptosis Induced by Withdrawal of 
Trophic Factors Is Mediated by p38 Mitogen-activated Protein Kinase. J. Biol. Chem. 272 
20490-20494 [Abstract] [Full Text] 

• Racke, F. K., Lewandowska, K., Goueli, S., Goldfarb, A. N. (1997). Sustained Activation of the 
Extracellular Signal-regulated Kinase/Mitogen-activated Protein Kinase Pathway Is Required for 
Megakaryocyte Differentiation ofK562 Cells. J. Biol. Chem. 272: 23366-23370 

[Abstract] fFull Text] 

• Wang, X. S., Diener, K., Manthey, C. L., Wang, S.-w., Rosenzweig, B., Bray, J., Delaney, J., 
Cole, C. N., Chan-Hui, P.-Y., Mantlo, N., Lichenstein, H. S., Zukowski, M., Yao, Z. (1997). 
Molecular Cloning and Characterization of a Novel p38 Mitogen-activated Protein Kinase J. Biol. 
Chem. 272: 23668-23674 [Abstract] rFull Text] 

• Lu, X., Nemoto, S., Lin, A. (1997). Identification of c-Jun NH2-terminal Protein Kinase 
(JNK)-activating Kinase 2 as an Activator of JNK but Not p38. J. Biol. Chem. 272: 24751-24754 
[Abstract] r Full Text] 

• Hocker, M., Henihan, R. J., Rosewicz, S., Riecken, E.-O., Zhang, Z., Koh, T. J., Wang, T. C. 
(1997). Gastrin and Phorbol 12-Myristate 13-Acetate Regulate the Human Histidine Decarboxylase 
Promoter through Raf-dependent Activation of Extracellular Signal-regulated Kinase-related 
Signaling Pathways in Gastric Cancer Cells. J. Biol. Chem. 272: 27015-27024 

[Abstract] rFull Text] 

• Yamauchi, I, Nagao, M., Kaziro, Y., Itoh, H. (1997). Activation of p38 Mitogen-activated Protein 
Kinase by Signaling through G Protein-coupled Receptors. INVOLVEMENT OF Gbeta gamma 
AND Galpha q/1 1 SUBUNITS. J. Biol. Chem. 272: 27771-27777 [Abstract] rFull Text] 

• Yu, R., Tan, T.-H, Kong, A.-N. T. (1997). Butylated Hydroxyanisole and Its Metabolite 
tert-Butylhydroquinone Differentially Regulate Mitogen-activated Protein Kinases. THE ROLE OF 
OXIDATIVE STRESS IN THE ACTIVATION OF MITOGEN-ACTIVATED PROTEIN 
KINASES BY PHENOLIC ANTIOXIDANTS. J. Biol. Chem. 272: 28962-28970 

[Abstract] [Full Text] 

• Zezula, J., Sexl, V., Hutter, C, Karel, A., Schutz, W., Freissmuth, M. (1997). The 
Cyclin-dependent Kinase Inhibitor p21cipl Mediates the Growth Inhibitory Effect of Phorbol 
Esters in Human Venous Endothelial Cells. J. Biol. Chem. 272: 29967-29974 

[Abstract] [Full Text] 

• (1997). . J. Biol. Chem. 272: 30806-30811 rFull Text] 

• Yao, Z., Diener, K., Wang, X. S., Zukowski, M., Matsumoto, G., Zhou, G., Mo, R., Sasaki, T , 
Nishina, H, Hui, C. C, Tan, T.-H., Woodgett, J. P., Penninger, J. M. (1997). Activation of 
Stress-activated Protein Kinases/c-Jun N-terminal Protein Kinases (SAPKs/JNKs) by a Novel 
Mitogen-activated Protein Kinase Kinase (MKK7). J. Biol. Chem. 272: 32378-32383 
[Abstract] rFull Text] 

• Fukuda, M., Gotoh, I., Adachi, M., Gotoh, Y., Nishida, E. (1997). A Novel Regulatory 



17 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/fuliy270/25/14843 



Mechanism in the Mitogen-activated Protein (MAP) Kinase Cascade. ROLE OF NUCLEAR 
EXPORT SIGNAL OF MAP KINASE KINASE. J. Biol. Chem. 272: 32642-32648 
[Abstract] fFull Text] 

• Bornancin, F., Parker, P. J. (1997). Phosphorylation of Protein Kinase C-alpha on Serine 
657Controls the Accumulation of Active Enzyme and Contributes to Its Phosphatase-resistant 
State. J. Biol. Chem. 272: 3544-3549 fAbstract] fFull Text] 

• Li, D., Meier, U.T., Dobrowolska, G., Krebs, EdwinG. (1997). Specific Interaction between 
Casein Kinase 2and the Nucleolar Protein Noppl40. J. Biol. Chem. 272: 3773-3779 
[Abstract] [Full Text] 

• Terada, K., Kaziro, Y., Satoh, T. (1997). Ras-dependent Activation of c-Jun N-terminal 
Kinase/Stress-activated Protein Kinase in Response to Interleukin-3 Stimulation in Hematopoietic 
BaF3 Cells. J. Biol. Chem. 272: 4544-4548 [Abstract] [Full Text] 

• Sexl, V., Mancusi, G., Holler, C, Gloria-Maercker, E., Schiitz, W., Freissmuth, M. (1997). 
Stimulation of the Mitogen-activated Protein Kinase via the A2A-Adenosine Receptor in Primary 
Human Endothelial Cells. J. Biol. Chem. 272: 5792-5799 fAbstract] [Full Text] 

• Hernandez, M., Burillo, S. L., Crespo, M. S., Nieto, M. L. (1998). Secretory Phospholipase A2 
Activates the Cascade of Mitogen-activated Protein Kinases and Cytosolic Phospholipase A2 in the 
Human Astrocytoma Cell Line 1321N1. J. Biol. Chem. 273: 606-612 fAbstract] [Full Text] 

• Knutson, K. L., Hmama, Z., Herrera-Velit, P., Rochford, R , Reiner, N. E. (1998). 
Lipoarabinomannan of Mycobacterium tuberculosis Promotes Protein Tyrosine Dephosphorylation 
and Inhibition of Mitogen-activated Protein Kinase in Human Mononuclear Phagocytes. ROLE OF 
THE Src HOMOLOGY 2 CONTAINING TYROSINE PHOSPHATASE 1. /. Biol. Chem. 273: 
645-652 fAbstract] fFull Text] 

• Matsumoto, K., Yamamoto, T., Kurachi, H., Nishio, Y., Takeda, T., Homma, H., Morishige, K.-L, 
Miyake, A., Murata, Y. (1998). Human Chorionic Gonadotropin-alpha Gene Is Transcriptionally 
Activated by Epidermal Growth Factor through cAMP Response Element in Trophoblast Cells. J. 
Biol. Chem. 273: 7800-7806 fAbstract] fFull Text] 

• Frasch, S. C, Nick, J. A., Fadok, V. A., Bratton, D. L., Worthen, G. S., Henson, P. M. (1998). 
p38 Mitogen-activated Protein Kinase-dependent and -independent Intracellular Signal 
Transduction Pathways Leading to Apoptosis in Human Neutrophils. J. Biol. Chem. 273: 
8389-8397 fAbstract! [Full Text] 

• Eguchi, S., Numaguchi, K., Iwasaki, H., Matsumoto, T., Yamakawa, T., Utsunomiya, H., Motley, 
E. D., Kawakatsu, H., Owada, K. M., Hirata, Y., Marumo, F., Inagami, T. (1998). 
Calcium-dependent Epidermal Growth Factor Receptor Transactivation Mediates the Angiotensin 
II-induced Mitogen-activated Protein Kinase Activation in Vascular Smooth Muscle Cells. J. Biol. 
Chem. 273: 8890-8896 fAbstract] fFull Text] 

• Zhang, S., Chang, M. C. Y., Zylka, D., Turley, S., Harrison, R., Turley, E. A. (1998). The 
Hyaluronan Receptor RHAMM Regulates Extracellular-regulated Kinase. J. Biol. Chem. 273: 
1 1342-1 1348 fAbstract] fFull Text] 

• Chen, K.-D., Chen, L.-Y., Huang, H.-L., Lieu, C.-H., Chang, Y.-N., Chang, M. D.-T., Lai, Y.-K. 
(1998). Involvement of p38 Mitogen-activated Protein Kinase Signaling Pathway in the Rapid 
Induction of the 78-kDa Glucose-regulated Protein in 9L Rat Brain Tumor Cells. J. Biol. Chem. 
273: 749-755 fAbstract] [Full Text] 

• Gerber, H.-P., Dixit, V., Ferrara, N. (1998). Vascular Endothelial Growth Factor Induces 
Expression of the Antiapoptotic Proteins Bcl-2 and Al in Vascular Endothelial Cells. J. Biol. 
Chem. 273: 13313-13316 fAbstract] [Full Text] 

• Cunnick, J. M., Dorsey, J. F., Standley, T., Turkson, J., Kraker, A. J., Fry, D. W., Jove, R., Wu, J. 
(1998). Role of Tyrosine Kinase Activity of Epidermal Growth Factor Receptor in the 
Lysophosphatidic Acid-stimulated Mitogen-activated Protein Kinase Pathway. J. Biol. Chem. 273: 
14468-14475 fAbstract] fFull Text! 



18 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



• Ushio-Fukai, M., Alexander, R. W., Akers, M., Griendling, K. K. (1998). p38 Mitogen-activated 
Protein Kinase Is a Critical Component of the Redox-sensitive Signaling Pathways Activated by 
Angiotensin II. ROLE IN VASCULAR SMOOTH MUSCLE CELL HYPERTROPHY J. Biol 
Chem. 273: 15022-15029 T Abstract] fFull Text] 

• Gum, R. J., McLaughlin, M. M., Kumar, S., Wang, Z., Bower, M. J., Lee, J. C, Adams, J. L., Livi, 
G. P., Goldsmith, E. I, Young, P. R. (1998). Acquisition of Sensitivity of Stress-activated Protein ' 
Kinases to the p38 Inhibitor, SB 203580, by Alteration of One or More Amino Acids within the 
ATP Binding Pocket. J. Biol. Chem. 273: 15605-15610 [Abstract] fFull Text] 

• Kumar, A., Middleton, A., Chambers, T. C, Mehta, K. D. (1998). Differential Roles of 
Extracellular Signal-regulated Kinase- 1/2 and p38MAPK in Interleukin-lbeta - and Tumor 
Necrosis Factor-alpha -induced Low Density Lipoprotein Receptor Expression in HepG2 Cells J. 
Biol. Chem. 273: 15742-15748 fAbstract] fFull Text] 

• Httgl, S. R , White, M. F., Rhodes, C. J. (1998). Insulin-like Growth Factor I (IGF-I)-stimulated 
Pancreatic beta -Cell Growth Is Glucose-dependent. SYNERGISTIC ACTIVATION OF 
INSULIN RECEPTOR SUBSTRATE-MEDIATED SIGNAL TRANSDUCTION PATHWAYS 
BY GLUCOSE AND IGF-I IN INS-1 CELLS. J. Biol. Chem. 273: 17771-17779 

fAbstract] fFull Text] 

• Fuller, S. J., Gillespie-Brown, I, Sugden, P. H. (1998). Oncogenic src, raf, and ras Stimulate a 
Hypertrophic Pattern of Gene Expression and Increase Cell Size in Neonatal Rat Ventricular 
Myocytes. J. Biol. Chem. 273: 18146-18152 r Abstract] fFull Text] 

• Chang, S.-H., Oh, C.-D., Yang, M.-S., Kang, S.-S., Lee, Y.-S., Sonn, J.-K., Chun, J.-S. (1998). 
Protein Kinase C Regulates Chondrogenesis of Mesenchymes via Mitogen-activated Protein Kinase 
Signaling. J. Biol. Chem. 273: 19213-19219 fAbstract] fFull Text] 

• Nagao, M., Yamauchi, J., Kaziro, Y., Itoh, H. (1998). Involvement of Protein Kinase C and Src 
Family Tyrosine Kinase in Galpha q/1 1 -induced Activation of c-Jun N-terminal Kinase and p38 
Mitogen-activated Protein Kinase. J. Biol. Chem. 273: 22892-22898 f Abstract] fFull Text] 

• Shalom-Barak, T., Quach, J., Lotz, M. (1998). Interleukin-17-induced Gene Expression in 
Articular Chondrocytes Is Associated with Activation of Mitogen-activated Protein Kinases and 
NF-kappaB. J. Biol. Chem. 273: 27467-27473 f Abstract] fFull Text] 

• Iglesias, T., Waldron, R. T., Rozengurt, E. (1998). Identification of in Vivo Phosphorylation Sites 
Required for Protein Kinase D Activation. J. Biol. Chem. 273 : 27662-27667 

f Abstract] fFull Text] 

• Lee, L.-F., Li, G., Templeton, D. J., Ting, J. P.-Y. (1998). Paclitaxel (Taxol)-induced Gene 
Expression and Cell Death Are Both Mediated by the Activation of c-Jun NH2-terminal Kinase 
(JNK/SAPK). J. Biol. Chem. 273: 28253-28260 f Abstract] fFull Text] 

• Yang, X., Gabuzda, D. (1998). Mitogen-activated Protein Kinase Phosphorylates and Regulates 
the HIV-1 Vif Protein. J. Biol. Chem. 273: 29879-29887 [Abstract] fFull Text] 

• Zentner, M. D., Lin, H. H., Wen, X., Kim, K. J., Ann, D. K. (1998). The Amiloride-sensitive 
Epithelial Sodium Channel alpha -Subunit Is Transcriptionally Down-regulated in Rat Parotid Cells 
by the Extracellular Signal-regulated Protein Kinase Pathway. J. Biol. Chem. 273: 30770-30776 
fAbstract] fFull Text] 

• Hung, J.-J., Cheng, T.-J., Lai, Y.-K., Chang, M. D.-T. (1998). Differential Activation of p38 
Mitogen-activated Protein Kinase and Extracellular Signal-regulated Protein Kinases Confers 
Cadmium-induced HSP70 Expression in 9L Rat Brain Tumor Cells. J. Biol. Chem. 273 

3 1 924-3 1 93 1 fAbstract] fFull Text] 

• Park, H., Go, Y.-M., John, P. L. St., Maland, M. C, Lisanti, M. P., Abrahamson, D. R , Jo, H. 
(1998). Plasma Membrane Cholesterol Is a Key Molecule in Shear Stress-dependent Activation of 
Extracellular Signal-regulated Kinase. J. Biol. Chem. 273: 32304-3231 1 fAbstract] fFull Text] 

• Metzler, B , Hu, Y., Sturm, G., Wick, G, Xu, Q. (1998). Induction of Mitogen-activated Protein 
Kinase Phosphatase- 1 by Arachidonic Acid in Vascular Smooth Muscle Cells. J. Biol. Chem. 273: 



19 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



33320-33326 [Abstract] [Full Textl 

• Hocker, M., Raychowdhury, R., Plath, T., Wu, H., O'Connor, D. T., Wiedenmann, B , Rosewicz, 
S., Wang, T. C. (1998). Spl and CREB Mediate Gastrin-dependent Regulation of Chromogranin 
A Promoter Activity in Gastric Carcinoma Cells. J. Biol. Chem. 273: 34000-34007 

r Abstract] fFull Text] 

• Hu, M. C.-T., Wang, Y.-p., Mikhail, A., Qiu, W. R., Tan, T.-H. (1999). Murine p38-delta 
Mitogen-activated Protein Kinase, a Developmentally Regulated Protein Kinase That Is Activated 
by Stress and Proinflammatory Cytokines. J. Biol. Chem. 274: 7095-7102 \ Abstract] fFull Text] 

• Lee, R. J., Albanese, C, Stenger, R. J., Watanabe, G., Inghirami, G., Haines, G. K. Ill, Webster, 
M., Muller, W. J., Brugge, J. S., Davis, R. J., Pestell, R. G. (1999). pp60v-src Induction of Cyclin 
Dl Requires Collaborative Interactions between the Extracellular Signal-regulated Kinase, p38, 
and Jun Kinase Pathways. A ROLE FOR cAMP RESPONSE ELEMENT-BINDING PROTEIN 
AND ACTIVATING TRANSCRIPTION FACTOR-2 IN pp60v-src SIGNALING IN BREAST 
CANCER CELLS. J. Biol. Chem. 274: 7341-7350 f Abstract] [Full Text] 

• Medvedev, A. E., Blanco, J. C. G , Qureshi, N., Vogel, S. N. (1999). Limited Role of Ceramide in 
Lipopolysaccharide-mediated Mitogen-activated Protein Kinase Activation, Transcription Factor 
Induction, and Cytokine Release. J. Biol. Chem. 21 A: 9342-9350 [Abstract] fFull Text] 

• Sweeney, G., Somwar, R., Ramlal, T., Volchuk, A., Ueyama, A., Klip, A. (1999). An Inhibitor of 
p38 Mitogen-activated Protein Kinase Prevents Insulin-stimulated Glucose Transport but Not 
Glucose Transporter Translocation in 3T3-L1 Adipocytes and L6 Myotubes. J. Biol. Chem. 274: 
10071-10078 [Abstract] [Full Text] 

• Hossain, M. Z., Jagdale, A. B., Ao, P., Kazlauskas, A., Boynton, A. L. (1999). Disruption of Gap 
Junctional Communication by the Platelet-derived Growth Factor Is Mediated via Multiple 
Signaling Pathways. J. Biol. Chem. 274: 10489-10496 [Abstract] [Full Text] 

• Nakashima, S., Wang, S., Hisamoto, N., Sakai, H., Andoh, M., Matsumoto, K., Nozawa, Y. 
(1999). Molecular Cloning and Expression of a Stress-responsive Mitogen-activated Protein 
Kinase-related Kinase from Tetrahymena Cells. J. Biol. Chem. 21 A: 9976-9983 
[Abstract] [Full Text] 

• Gotoh, I., Fukuda, M., Adachi, M., Nishida, E. (1999). Control of the Cell Morphology and the S 
Phase Entry by Mitogen-activated Protein Kinase Kinase. A REGULATORY ROLE OF ITS 
N-TERMINAL REGION. J. Biol. Chem. 274: 1 1874-1 1880 [Abstract] [Full Textl 

• Kawasaki, H., Fujii, H., Gotoh, Y., Morooka, T., Shimohama, S., Nishida, E., Hirano, T. (1999). 
Requirement for Mitogen-activated Protein Kinase in Cerebellar Long Term Depression. J. Biol. 
Chem. 274: 13498-13502 [Abstract] [Full Text] 

• Deacon, K., Blank, J. L. (1999). MEK Kinase 3 Directly Activates MKK6 and MKK7, Specific 
Activators of the p38 and c-Jun NH2-terminal Kinases. J. Biol. Chem. 21 A : 16604-16610 
[Abstract] [Full Text] 

• Singh, R. P., Dhawan, P., Golden, C, Kapoor, G. S., Mehta, K. D. (1999). One-way Cross-talk 
between p38MAPK and p42/44MAPK. INHIBITION OF p38MAPK INDUCES LOW DENSITY 
LIPOPROTEIN RECEPTOR EXPRESSION THROUGH ACTIVATION OF THE p42/44MAPK 
CASCADE. J. Biol. Chem. 21 A: 19593-19600 [Abstract! [Full Text] 

• Tanoue, T., Moriguchi, T., Nishida, E. (1999). Molecular Cloning and Characterization of a Novel 
Dual Specificity Phosphatase, MKP-5. J. Biol. Chem. 274: 19949-19956 [Abstract] [Full Text] 

• Zuniga, A., Torres, J., Ubeda, J., Pulido, R. (1999). Interaction of Mitogen-activated Protein 
Kinases with the Kinase Interaction Motif of the Tyrosine Phosphatase PTP-SL Provides Substrate 
Specificity and Retains ERK2 in the Cytoplasm. J. Biol. Chem. 21 A: 21900-21907 

[Abstract] [Full Text] 

• Alpert, D., Schwenger, P., Han, J. (1999). Cell Stress and MKK6b-mediated p38 MAP Kinase 
Activation Inhibit Tumor Necrosis Factor-induced Ikappa B Phosphorylation and NF-kappa B 
Activation. J. Biol. Chem. 21 A: 22176-22183 [Abstract] [Full Textl 



20 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/fiill/270/25/ 1 4 843 



• Li, C, Hu, Y., Mayr, M., Xu, Q. (1999). Cyclic Strain Stress-induced Mitogen-activated Protein 
Kinase (MAPK) Phosphatase 1 Expression in Vascular Smooth Muscle Cells Is Regulated by 
Ras/Rac-MAPK Pathways. J. Biol. Chem. 274: 25273-25280 [Abstract] [Full Text] 

• Lafont, V., Ottones, F., Liautard, J., Favero, J. (1999). Evidence for a 
p21ras/Raf-l/MEK-l/ERK-2-independent Pathway in Stimulation of IL-2 Gene Transcription in 
Human Primary T Lymphocytes. J. Biol. Chem. 274: 25743-25748 [Abstract] ITull Textl 

• Iwasaki, S., Iguchi, M., Watanabe, K., Hoshino, R., Tsujimoto, M., Kohno, M. (1999). Specific 
Activation of the p38 Mitogen-activated Protein Kinase Signaling Pathway and Induction of 
Neurite Outgrowth in PC 12 Cells by Bone Morphogenetic Protein-2. J. Biol. Chem. 274 
26503-265 1 0 [Abstract] rFull Text] 

• Vinals, F., Chambard, J. C, Pouyssegur, J. (1999). p70 S6 Kinase-mediated Protein Synthesis Is a 
Critical Step for Vascular Endothelial Cell Proliferation. J. Biol. Chem. 274: 26776-26782 
[Abstract] [Full Text] 

• Yu, R., Lei, W., Mandlekar, S., Weber, M. J., Der, C. J., Wu, J., Kong, A.-N. T. (1999). Role of a 
Mitogen-activated Protein Kinase Pathway in the Induction of Phase II Detoxifying Enzymes by 
Chemicals. J. Biol. Chem. 274: 27545-27552 \ Abstract] [Full Text] 

• Yang, X., Chen, Y, Gabuzda, D. (1999). ERK MAP Kinase Links Cytokine Signals to Activation 
of Latent HIV-1 Infection by Stimulating a Cooperative Interaction of AP-1 and NF-kappa B. J. 
Biol. Chem. 274: 27981-27988 [Abstract] [Full Text] 

• Yamauchi, J., Kaziro, Y., Itoh, H. (1999). Differential Regulation of Mitogen-activated Protein 
Kinase Kinase 4 (MKK4) and 7 (MKK7) by Signaling from G Protein beta gamma Subunit in 
Human Embryonal Kidney 293 Cells. J. Biol. Chem. 274: 1957-1965 [Abstract] rFull Text] 

• Takada, Y., Hachiya, M., Osawa, Y., Hasegawa, Y., Ando, K., Kobayashi, Y., Akashi, M. (1999). 
12-0-tetradecanoylphorbol-13-acetate-induced Apoptosis Is Mediated by Tumor Necrosis Factor 
alpha in Human Monocytic U937 Cells. J. Biol. Chem. 274: 28286-28292 [Abstract] [Full Text] 

• Zheng, C, Xiang, J., Hunter, T., Lin, A. (1999). The JNKK2-JNK1 Fusion Protein Acts As a 
Constitutively Active c-Jun Kinase That Stimulates c-Jun Transcription Activity. J. Biol. Chem. 
274: 28966-28971 [Abstract] [Full Text] 

• Dorin, D., Alano, P., Boccaccio, I., Ciceron, L., Doerig, C, Sulpice, R., Parzy, D., Doerig, C. 
(1999). An Atypical Mitogen-activated Protein Kinase (MAPK) Homologue Expressed in 
Gametocytes of the Human Malaria Parasite Plasmodium falciparum. IDENTIFICATION OF A 
MAPK SIGNATURE. J. Biol. Chem. 274: 29912-29920 [Abstract] [Full Text] 

• Sajan, M. P., Standaert, M. L., Bandyopadhyay, G., Quon, M. J., Burke, T. R. Jr., Farese, R. V. 
(1999). Protein Kinase C-zeta and Phosphoinositide-dependent Protein Kinase- 1 Are Required for 
Insulin-induced Activation of ERK in Rat Adipocytes. J. Biol. Chem. 21 A: 30495-30500 
[Abstractl [Full Text] 

• Moriguchi, T., Kawachi, K, Kamakura, S., Masuyama, N., Yamanaka, H., Matsumoto, K., 
Kikuchi, A., Nishida, E. (1999). Distinct Domains of Mouse Dishevelled Are Responsible for the 
c-Jun N-terminal Kinase/Stress-activated Protein Kinase Activation and the Axis Formation in 
Vertebrates. J. Biol Chem. 21 A: 30957-30962 [Abstract] rFull Text] 

• Tapia, J. A., Ferris, H. A., Jensen, R. T., Garcia, L. J. (1999). Cholecystokinin Activates 
PYK2/CAKbeta by a Phospholipase C-dependent Mechanism and Its Association with the 
Mitogen-activated Protein Kinase Signaling Pathway in Pancreatic Acinar Cells. J. Biol. Chem. 
274: 31261-31271 [Abstract] [Full Text] 

• Richard, D. E., Berra, E., Gothie, E., Roux, D., Pouyssegur, J. (1999). p42/p44 Mitogen-activated 
Protein Kinases Phosphorylate Hypoxia-inducible Factor 1 alpha (HTF-1 alpha ) and Enhance the 
Transcriptional Activity of FflF-1. J. Biol. Chem. 274: 32631-32637 [Abstract] [Full Text] 

• Tassi, E., Biesova, Z., Di Fiore, P. P., Gutkind, J. S., Wong, W. T. (1999). Human JIK, a Novel 
Member of the STE20 Kinase Family That Inhibits JNK and Is Negatively Regulated by Epidermal 
Growth Factor. J. Biol. Chem. 274: 33287-33295 [Abstract] [Full Text] 



21 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



• Li, X. R., Chong, A. S.-F., Wu, J., Roebuck, K. A, Kumar, A., Parrillo, J. E., Rapp, U. R., 
Kimberly, R. P., Williams, J. W., Xu, X. (1999). Transcriptional Regulation of Fas Gene 
Expression by GA-binding Protein and AP-1 in T Cell Antigen Receptor {middle dot}CD3 
Complex-stimulated T Cells. J. Biol Chem. 274: 35203-35210 [Abstract] [Full Text] 

• Zhou, Y.-C, Waxman, D. J. (1999). Cross-talk between Janus Kinase-Signal Transducer and 
Activator of Transcription (JAK-STAT) and Peroxisome Proliferator-activated Receptor-alpha 
(PPARalpha ) Signaling Pathways. GROWTH HORMONE INHIBITION OF PPARalpha 
TRANSCRIPTIONAL ACTIVITY MEDIATED BY STATSb. J. Biol. Chem. 274: 2672-2681 
[Abstract] [Full Text] 

• Kim, D. Y., Kam, Y., Koo, S. K. 5 Joe, C. O. (1999). Gating Connexin 43 Channels Reconstituted 
in Lipid Vesicles by Mitogen-activated Protein Kinase Phosphorylation. J. Biol Chem, 274: 
5581-5587 [Abstract] [Full Text] 

• Venkatakrishnan, G., Salgia, R., Groopman, J. E. (2000). Chemokine Receptors CXCR-1/2 
Activate Mitogen-activated Protein Kinase via the Epidermal Growth Factor Receptor in Ovarian 
Cancer Cells. J. Biol Chem. 275: 6868-6875 [Abstract] [Full Text] 

• Kishimoto, K., Matsumoto, K., Ninomiya-Tsuji, J. (2000). TAK1 Mitogen-activated Protein 
Kinase Kinase Kinase Is Activated by Autophosphorylation within Its Activation Loop. J. Biol. 
Chem. 275: 7359-7364 [Abstract] [Full Text] 

• Yamauchi, J., Kawano, T., Nagao, M., Kaziro, Y., Itoh, H. (2000). Gi-dependent Activation of 
c-Jun N-terminal Kinase in Human Embryonal Kidney 293 Cells. 1 Biol. Chem. 275: 7633-7640 
[Abstract] [Full Textl 

• Brar, B. K., Jonassen, A. K., Stephanou, A., Santilli, G, Railson, J., Knight, R. A., Yellon, D. M., 
Latchman, D. S. (2000). Urocortin Protects against Ischemic and Reperfiision Injury via a 
MAPK-dependent Pathway. J. Biol Chem. 275: 8508-8514 [Abstract] [Full Text] 

• Stanciu, M., Wang, Y., Kentor, R., Burke, N., Watkins, S., Kress, G., Reynolds, I., Klann, E., 
Angiolieri, M. R., Johnson, J. W., DeFranco, D. B. (2000). Persistent Activation of ERK 
Contributes to Glutamate-induced Oxidative Toxicity in a Neuronal Cell Line and Primary Cortical 
Neuron Cultures. J. Biol Chem. 275: 12200-12206 [Abstract] [Full Textl 

• Martin, H., Rodriguez-Pachon, J. M. 5 Ruiz, C, Nombela, C, Molina, M. (2000). Regulatory 
Mechanisms for Modulation of Signaling through the Cell Integrity Slt2-mediated Pathway in 
Saccharomyces cerevisiae. J. Biol Chem. 275: 1511-1519 [Abstract] [Full Text] 

• Yuan, J,, Slice, L., Walsh, J. H., Rozengurt, E. (2000). Activation of Protein Kinase D by Signaling 
through the alpha Subunit of the Heterotrimeric G Protein Gq. J. Biol Chem. 275: 2157-2164 
[Abstract] [Full Text] 

• Chiang, G G., Sefton, B. M. (2000). Phosphorylation of a Src Kinase at the Autophosphorylation 
Site in the Absence of Src Kinase Activity. J. Biol Chem. 275: 6055-6058 [Abstract] [Full Text] 

• Blanco-Aparicio, C, Torres, J., Pulido, R. (1999). A Novel Regulatory Mechanism of MAP 
Kinases Activation and Nuclear Translocation Mediated by PKA and the PTP-SL Tyrosine 
Phosphatase. J. Cell Biol 147: 1 129-1 136 [Abstract] [Full Text] 

• Nick, J. A., Avdi, N. J., Young, S. K., Lehman, L. A, McDonald, P. P., Frasch, S. C, Billstrom, 
M. A., Henson, P. M, Johnson, G. L., Worthen, G. S. (1999). Selective activation and functional 
significance of p3 8 {alpha} mitogen-activated protein kinase in lipopolysaccharide-stimulated 
neutrophils. 1 Clin. Invest. 103: 851-858 [Abstract] [Full Text] 

• Geng, Y., Valbracht, J., Lotz, M. (1996). Selective Activation of the Mitogen-activated Protein 
Kinase Subgroups c-Jun NH2 Terminal Kinase and p38 by IL-1 and TNF in Human Articular 
Chondrocytes. J. Clin. Invest. 98: 2425-2430 [Abstract] [Full Text] 

• Sivaraman, V. S., Wang, H.-y., Nuovo, G. J., Malbon, C. C. (1997). Hyperexpression of 
Mitogen-activated Protein Kinase in Human Breast Cancer. J. Clin. Invest. 99: 1478-1483 
[Abstract] [Full Text] 

• Nishina, H., Bachmann, M., Oliveira-dos-Santos, A. J., Kozieradzki, L, Fischer, K. D., Odermatt, 



22 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



B., Wakeham, A., Shahinian, A., Takimoto, H., Bernstein, A., Mak, T. W., Woodgett, J. R., 
Ohashi, P. S., Penninger, J. M. (1997). Impaired CD28-mediated Interleukin 2 Production and 
Proliferation in Stress Kinase SAPK/ERK1 Kinase (SEKl)/Mitogen-activated Protein Kinase 
Kinase 4 (MKK4)-deficient T Lymphocytes. J. Exp. Med. 186: 941-953 [Abstract] fFull Text] 

• Yeh, J.-H., Hsu, S.-C, Han, S.-H., Lai, M.-Z. (1998). Mitogen-activated Protein Kinase Kinase 
Antagonized Fas-associated Death Domain Protein-mediated Apoptosis by Induced 
FLICE-inhibitory Protein Expression. J. Exp. Med. 188: 1795-1802 [Abstract] fFull Text] 

• Rescigno, M., Martino, M., Sutherland, C. L., Gold, M. R., Ricciardi-Castagnoli, P. (1998). 
Dendritic Cell Survival and Maturation Are Regulated by Different Signaling Pathways. J. Exp. 
Med. 188: 2175-2180 f Abstract! fFull Text] 

• Wilk-Blaszczak, M. A, Singer, W. D., Quill, T., Miller, B., Frost, J. A, Sternweis, P. C, 
Belardetti, F. (1997). The Monomelic G-Proteins Racl and/or Cdc42 Are Required for the 
Inhibition of Voltage-Dependent Calcium Current by Bradykinin. J. Neurosci. 17: 4094-4100 
[Abstract] fFull Text] 

• Mills, J., Laurent Charest, D., Lam, F., Beyreuther, K., Ida, N., Pelech, S. L., Reiner, P. B. (1997). 
Regulation of Amyloid Precursor Protein Catabolism Involves the Mitogen-Activated Protein 
Kinase Signal Transduction Pathway. J. Neurosci. 17: 9415-9422 fAbstract] fFull Text] 

• Bhat, N. R., Zhang, P., Lee, J. C, Hogan, E. L. (1998). . J. Neurosci. 18: 1633-1641 
[Abstract] fFull Text] 

• Ignatova, E. G., Belcheva, M. M., Bohn, L. M., Neuman, M. C, Coscia, C. J. (1999). 
Requirement of Receptor Internalization for Opioid Stimulation of Mitogen-Activated Protein 
Kinase: Biochemical and Immunofluorescence Confocal Microscopic Evidence. J. Neurosci. 19: 
56-63 fAbstract] fFull Text] 

• Roberson, E. D., English, J. D., Adams, J. P., Selcher, J. C, Kondratick, C, Sweatt, J. D. (1999). 
The Mitogen-Activated Protein Kinase Cascade Couples PKA and PKC to cAMP Response 
Element Binding Protein Phosphorylation in Area CA1 of Hippocampus. J. Neurosci. 19: 
4337-4348 fAbstract] fFull Text] 

• Otani, S., Auclair, N., Desce, J.-M., Roisin, M.-P., Crepel, F. (1999). Dopamine Receptors and 
Groups I and II mGluRs Cooperate for Long-Term Depression Induction in Rat Prefrontal Cortex 
through Converging Postsynaptic Activation of MAP Kinases. J. Neurosci. 19: 9788-9802 
fAbstract] fFull Textl 

• Rapoport, M., Ferreira, A. (2000). PD98059 Prevents Neurite Degeneration Induced by Fibrillar 
{betaj-Amyloid in Mature Hippocampal Neurons. JNeurochem 74: 125-133 

[Abstract] fFull Text] 

• Johnson, J. R., Chu, A. K., Sato-Bigbee, C. (2000). Possible Role of CREB in the Stimulation of 
Oligodendrocyte Precursor Cell Proliferation by Neurotrophin-3. JNeurochem 74: 1409-1417 
fAbstract] fFull Text] 

• Schramek, H., Wilflingseder, D., Pollack, V., Freudinger, R., Mildenberger, S., Gekle, M. (1997). 
Ochratoxin A-Induced Stimulation of Extracellular Signal-Regulated Kinases 1/2 is Associated 
with Madin-Darby Canine Kidney-C7 Cell DedifFerentiation. J. Pharmacol. Exp. Ther. 283: 
1460-1468 fAbstract] [Full Text] 

• Florian, J. A., Watts, S. W. (1998). Integration of Mitogen-Activated Protein Kinase Kinase 
Activation in Vascular 5-Hydroxytryptamine2 A Receptor Signal Transduction. J. Pharmacol. Exp. 
Ther. 284: 346-355 [Abstract] [Full Text] 

• Yang, X., Gabuzda, D. (1999). Regulation of Human Immunodeficiency Virus Type 1 Infectivity 
by the ERK Mitogen-Activated Protein Kinase Signaling Pathway. J. Virol. 73: 3460-3466 

f Abstractl [Full Text] 

• Kennedy, M. B. (1999). On Beyond LTP. Learn. Mem. 6: 417-421 fFull Text] 

• Cauthron, R. D., Carter, K. B., Liauw, S., Steinberg, R. A. (1998). Physiological Phosphorylation 
of Protein Kinase A at Thr-197 Is by a Protein Kinase A Kinase. Mol. Cell. Biol. 18: 1416-1423 



23 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 



http://www.jbc.org/cgi/content/full/270/25/14843 



[Abstract] TFull Text] 

• Nemoto, S., Sheng, Z., Lin, A. (1998). Opposing Effects of Jun Kinase and p38 Mitogen- Activated 
Protein Kinases on Cardiomyocyte Hypertrophy. Mol Cell Biol 18: 3518-3526 

[Abstract] TFull Text] 

• Le-Niculescu, H, Bonfoco, E., Kasuya, Y., Claret, F.-X., Green, D. R., Karin, M. (1999). 
Withdrawal of Survival Factors Results in Activation of the JNK Pathway in Neuronal Cells 
Leading to Fas Ligand Induction and Cell Death. Mol Cell Biol 19: 751-763 
[Abstract] [Full Text] 

• Peruzzi, F. 3 Prisco, M., Dews, M., Salomoni, P., Grassilli, E., Romano, G., Calabretta, B., 
Baserga, R. (1999). Multiple Signaling Pathways of the Insulin-Like Growth Factor 1 Receptor in 
Protection from Apoptosis. Mol Cell Biol 19: 7203-7215 [Abstract] [Full Text] 

• Ito, M., Yoshioka, K., Akechi, M., Yamashita, S., Takamatsu, N., Sugiyama, K., Hibi, M., 
Nakabeppu, Y., Shiba, T., Yamamoto, K.-I. (1999). JSAP1, a Novel Jun N-Terminal Protein 
Kinase (JNK)-Binding Protein That Functions as a Scaffold Factor in the JNK Signaling Pathway. 
Mol Cell Biol 19: 7539-7548 [Abstract] [Full Text] 

• Mattison, C. P., Spencer, S. S., Kresge, K. A., Lee, J., Ota, I. M. (1999). Differential Regulation of 
the Cell Wall Integrity Mitogen-Activated Protein Kinase Pathway in Budding Yeast by the Protein 
Tyrosine Phosphatases Ptp2 and Ptp3. Mol Cell Biol 19: 7651-7660 [Abstract] [Full Text] 

• Hochholdinger, F., Baier, G., Nogalo, A., Bauer, B., Grunicke, H. H., Uberall, F. (1999). Novel 
Membrane-Targeted ERK1 and ERK2 Chimeras Which Act as Dominant Negative, 
Isotype-Specific Mitogen-Activated Protein Kinase Inhibitors of Ras-Raf-Mediated Transcriptional 
Activation of c-fos in NIH 3T3 Cells. Mol Cell Biol 19: 8052-8065 [Abstract] [Full Text] 

• Cheng, J. 3 Yang, J., Xia, Y., Karin, M., Su, B. (2000). Synergistic Interaction of MEK Kinase 2, 
c-Jun N-Terminal Kinase (JNK) Kinase 2, and JNK1 Results in Efficient and Specific JNK1 
Activation. Mol Cell Biol 20: 2334-2342 [Abstract! [Full Text] 

• Lawlor, M. A., Feng, X., Everding, D. R., Sieger, K., Stewart, C. E. H., Rotwein, P. (2000). Dual 
Control of Muscle Cell Survival by Distinct Growth Factor-Regulated Signaling Pathways. Mol 
Cell Biol 20: 3256-3265 [Abstract] [Full Text] 

• Gustin, M. C, Albertyn, J., Alexander, M., Davenport, K. (1998). MAP Kinase Pathways in the 
Yeast Saccharomyces cerevisiae. Microbiol Mol Biol Rev 62: 1264-1300 [Abstract] [Full Text] 

• Zhan, X.-L., Hong, Y., Zhu, T., Mitchell, A. P., Deschenes, R. J. s Guan, K.-L. (2000). Essential 
Functions of Protein Tyrosine Phosphatases Ptp2 and Ptp3 and Riml 1 Tyrosine Phosphorylation in 
Saccharomyces cerevisiae Meiosis and Sporulation. Mol Biol Cell 11: 663-676 

[Abstract] fFull Text] 

• Antonelli, V., Bernasconi, F., Wong, Y. H., Vallar, L. (2000). Activation of B-Raf and Regulation 
of the Mitogen-activated Protein Kinase Pathway by the Go alpha chain. Mol Biol Cell 1 1 : 

1 129-1 142 [Abstract] [Full Text] 

• Xin, X., Yang, N., Eckhart, A. D., Faber, J. E. (1997). alpha lD-Adrenergic Receptors and 
Mitogen-Activated Protein Kinase Mediate Increased Protein Synthesis by Arterial Smooth 
Muscle. Mol Pharmacol 51 : 764-775 [Abstract] [Full Text] 

• Oiry, C, Gagne, D., Cottin, E., Bernad, N., Galleyrand, J.-C, Berge, G., Lignon, M.-F., Eldin, P., 
Le Cunff, M., Leger, J., Clerc, P., Fourmy, D., Martinez, J. (1997). CholecystokininB Receptor 
from Human Jurkat Lymphoblastic T Cells Is Involved in Activator Protein- 1 -Responsive Gene 
Activation. Mol Pharmacol 52 : 292-299 [Abstract] [Full Text] 

• Rousell, J., Haddad, E.-B., Lindsay, M. A., Barnes, P. J. (1997). Regulation of m2 Muscarinic 
Receptor Gene Expression by Platelet-Derived Growth Factor: Involvement of Extracellular 
Signal-Regulated Protein Kinases in the Down-Regulation Process. Mol Pharmacol 52: 966-973 
[Abstract] [Full Text] 

• Zhen, X., Uryu, K, Wang, H.-Y., Friedman, E. (1998). Dl Dopamine Receptor Agonists Mediate 
Activation of p38 Mitogen-Activated Protein Kinase and c-Jun Amino-Terminal Kinase by a 



24 of 25 



5/3/00 3:09 PM 



JBC - Cobb and Goldsmith 270 (25): 14843 .„ „ 

http://www.jbc.org/cgi/contenl/full/270/25/14843 

Protein Kinase A-Dependent Mechanism in SK-N-MC Human Neuroblastoma Cells Mol 
Pharmacol 54: 453-458 f Abstract] fFull Text] 

• Huang, Y., Li, H., Gupta, R, Morris, P. C, Luan, S., Kieber, J. J. (2000). ATMPK4, an 
Arabidopsis Homolog of Mitogen- Activated Protein Kinase, Is Activated in Vitro by AtMEKl 
through Threonine Phosphorylation. Plant Physiol. 122: 1301-1310 f Abstract] fFull Text] 

• Watanabe G., Howe, A., Lee, R. J., Albanese, C, Shu, I-W., Karnezis, A. N., Zon, L., Kyriakis, 
J., Rundell, K., Pestell, R. G. (1996). Induction of cyclin Dl by simian virus 40 small 

tumor antigen. Proc. Natl. Acad. Sci. U. S. A. 93: 12861-12866 fAbstract] fFull Text] 

• Khoo, S., Cobb, M. H. (1997). Activation of mitogen-activating protein kinase by glucose is not 
required for insulin secretion. Proc. Natl. Acad Sci. U. S. A. 94: 5599-5604 fAbstract] fFull Text! 

• Schwenger, P., Bellosta, P., Vietor, I., Basilico, C , Skolnik, E. Y. (1997). Sodium salicylate 
induces apoptosis via p38 mitogen-activated protein kinase but inhibits tumor necrosis 
factor-induced c-Jun N-terminal kinase/stress-activated protein kinase activation Proc Natl. Acad. 
Sci. U. S. A. 94: 2869-2873 [Abstract] fFull Text] 

• Huang, C, Ma, W.-Y., Young, M. R, Colburn, N., Dong, Z. (1998). Shortage of 
mitogen-activated protein kinase is responsible for resistance to AP-1 transactivation and 
transformation in mouse JB6 cells. Proc. Natl. Acad. Sci. U. S. A 95 156-161 

f Abstract] fFull Text] 

• Li, N., Karin, M. (1998). Ionizing radiation and short wavelength UV activate NF-kappa B through 
two distinct mechanisms. Proc. Natl. Acad. Sci. U. S. A. 95: 13012-13017 fAbstract] fFull Text] 

• Cheng, M., Sexl, V., Sherr, C. I, Roussel, M. F. (1998). Assembly of cyclin D-dependent kinase 
and titration of p27Kipl regulated by mitogen-activated protein kinase kinase (MEK1) Proc Natl. 
Acad. Sci. U. S. A. 95 : 1 09 1 - 1 096 fAbstract] fFull Text] 

• Fujita, A., Tonouchi, A., Hiroko, T., Inose, F., Nagashima, T., Satoh, R, Tanaka, S. (1999) 
Hsl7p, a negative regulator of Ste20p protein kinase in the Saccharomyces cerevisiae filamentous 
growth-signaling pathway. Proc. Natl. Acad. Sci. U. S. A. 96: 8522-8527 fAbstract] fFull Text] 

• Jansen, B., Schlagbauer-Wadl, H., Kahr, H., Heere-Ress, E., Mayer, B. X., Eichler, H -G 
Pehamberger, H., Gana-Weisz, M., Ben-David, E., Kloog, Y., Wolff, K. (1999). Novel Ras 
antagonist blocks human melanoma growth. Proc. Natl. Acad. Sci. U. S. A 96- 14019-14024 
fAbstract] fFull Text] 

• Ligterink, W., Kroj, T., Nieden, U. z., Hirt, H., Scheel, D. (1997). Receptor-Mediated Activation 
of a MAP Kinase m Pathogen Defense of Plants. Science 276: 2054-2057 fAbstract] fFull Text] 

• Takenaka, K., Moriguchi, T., Nishida, E. (1998). Activation of the Protein Kinase p38 in the 
Spindle Assembly Checkpoint and Mitotic Arrest. Science 280: 599-602 fAbstract] fFull Text] 

• Schaeffer, H. J., Catling, A. D., Eblen, S. T., Collier, L. S., Krauss, A., Weber, M. J. (1998). MP1 : 
A MEK Binding Partner That Enhances Enzymatic Activation of the MAP Kinase Cascade 
Science 281 : 1668-1671 fAbstract] fFull Text] 



25 of 25 



5/3/00 3:09 PM 



ADONIS - Electronic Journal Services 



Requested by 
Adonis 



Article title 


Coupling gene expression to cAMP signalling: Role of CREB and CREM 


Article identifier 


1357272598004271 


Authors 


Sassone-Corsi_P 


Journal title 


International Journal of Biochemistry and Cell Biology 


ISSN 


1357-2725 


Publisher 


Pergamon 


Year of publication 


1998 


Volume 


30 


Issue 


1 


Supplement 


0 


Page range 


27-38 


Number of pages 


12 


User name 


Adonis 


Cost centre 


Development 


PCC 


$20.00 


Date and time 


Wednesday, May 03, 2000 5:06:53 AM 



Copyright © 1991-1 999 ADONIS and/or licensors. 



The use of this system and its contents is restricted to the terms and conditions laid down in the Journal Delivery and User 
Agreement. Whilst the information contained on each CD-ROM has been obtained from sources believed to be reliable, no liability 
shall attach to ADONIS or the publisher in respect of any of its contents or in respect of any use of the system. 



18069302 

Biochemistry 
& Cell Biology 

PERGAMON The International Journal of Biochemistry & Cell Biology 30 (1998) 27-38 ' 

Review 

Coupling gene expression to cAMP signalling: role of 

CREB and CREM 

Paolo Sassone-Corsi 

Institut de Genet igue et de Biologic Moleculaire el Cellulaire. B.P. 163, 67404 Illkirch-Cedex. C.U. de Strasbourg, France 




Abstract 



Several endocrine and neuronal functions are governed by the cAMP-dependent pathway. Transcriptional regu- 
lation upon stimulation of this pathway is mediated by a family of cAMP-responsive nuclear factors. This family 
consists of a large number of members, which may act as activators or repressors. These factors contain the basic 
domain/leucine zipper motifs and bind as dimers to cAMP-response elements (CRE). CRE-binding protein (CREBs) 
function is modulated by phosphorylation by several kinases. Direct activation of gene expression by CREB requires 
phosphorylation by the cAMP-dependent PKA to serine 133. Among the repressors, ICER (Inducible cAMP Early 
Repressor) deserves special mention. ICER is generated from an alternative CREM promoter and is the only induci- 
ble CRE-binding protein. ICER negatively autoregulates the alternative promoter, generating a feedback loop. 
ICER expression is tissue specific and developmentally regulated. The kinetics of ICER expression are characteristic 
of an early response gene. 

CREM plays a key physiological and developmental role within the hypothalamic-pituitary-gonadal axis. The 
transcriptional activator CREM is highly expressed in postmeiotic cells. The role of CREM in spermiogenesis was 
addressed using CREM knock-out mice. Spermatogenesis stops at the first step of spermiogenesis in the mutants 
and there is a significant increase in apoptotic germ cells. This phenotype is reminiscent of cases of human inferti- 
lity. 

ICER is regulated in a circadian manner in the pineal gland, the site of the hormone melatonin production. This 
night-day oscillation is driven by the endogenous clock (located in the suprachiasmatic nucleus). The synthesis of 
melatonin is regulated by a rate-limiting enzyme, serotonin JV- acetyl transferase (NAT). Analysis of the CREM-null 
mice and of the promoter of the NAT gene revealed that ICER controls the amplitude and rhythmicity of NAT, 
and thus the oscillation in the hormonal synthesis of melatonin. © 1998 Elsevier Science Ltd. All rights reserved. 

Keywords: Cyclic AMP; CREB; CREM; Phosphorylation; Autoregulation 



1. Introduction 

The regulation of gene expression by specific sig- 
nal transduction pathways is tightly connected to 
the cell phenotype and, conversely, the response 



elicited by a given transduction pathway varies 
depending on the cell type. Several molecules 
implicated in intracellular signalling are encoded 
by oncogenes, directly linking their possible aber- 
rant expression to cellular transformation or 
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altered proliferation. A complete analysis of 
ihcsc processes will help lo unravel the profound 
changes that cause cancer and. by the same 
token, understand the physiology of normal 
growth. A fundamental stride has been the dis- 
covery that many transcription factors constitute 
final targets of specific transduction pathways. 
Many distinct kinases have been shown to 
directly or indirectly modulate the activity of var- 
ious nuclear factors (Karin and Hunter. 1 995). 

The activity of transcription factor AP-I may 
be increased by inducing c-fos gene transcription, 
a process mediated by the HRK-I and -2 mito- 
gen-aclivated protein (MAP) kinases, which 
directly phosphorylate the transcription factor 
FJk-l.TCF\ which then binds to the c-fo.s serum 
response element (Treisman, 1 996). Alternatively, 
AP-l activity maybe be enhanced by direct phos- 
phorylation of Jim by a different type of 
MAPKs. the stress-activated protein kinases 
(JNK/SAPK) (Davis. I994). Transcription factor 
ATF-2, a dimeri/ation partner of Jim. is also a 
target of the JNK kinase (Huxzalin el a!.. 1 996). 
Interestingly. ATF-2 was first cloned as a mem- 
ber of the ATF/CRHB family of transcription 
factors and was shown to bind to eAM Irrespon- 
sive elements (CRHs) (Hai et aL 19X9). The 
ATFCRHB family includes several members, of 
which only the CREB, CRHM and ATF-I gene 
products have been shown to be directly phos- 
phoryalted by the cAMP-dependenl protein 
kinase A (Sassone-Corsi, 1995). Cross-talk 
between the milogenic signalling pathways and 
eAMP-responsive transcription has been estab- 
lished (Ginty el al., 1994). which reinforces the 
notion of converging signalling within the PKA 
and PKC pathways in the cyloplasm (Cambier el 
al., 19X7; Yoshimasa et al.. 19X7; Prod in et al., 
1994) and in the nucleus (Masquilier and 
Sassone-Corsi. 1992). 

An important example of signalling cross-talk 
in the nucleus involves the pathway coupled to 
the NGF receptor, Trk, which results in the acti- 
vation of several kinases. Trk is a receptor tyro- 
sine kinase which, once activated, stimulates the 
activity of the small OTP-binding protein Ras 
(Gome/ and Cohen, 1991). Activalion of Ras 
triggers ihe MAPK pathway, which includes the 



MAP kinase kinase (MFK) and the ribosomal S6 
kinase pp90 rsk (Cobb and Goldsmith, 1995). 
Interestingly, const it utively activated expression 
of MAPK and MF.K is sufficient lo induce neur- 
ite outgrowth in PC 1 2 cells (Cow ley et al.. 1994; 
Fukuda et al.. 1995), indicating a direct role of 
this pathway in eliciting the changes in gene ex- 
pression required for the neuronal differentiation 
program. Although MAPK and MFK have not 
been shown to directly phosphorylate CRHB. the 
use of cells expressing a dominant-interfering Ras 
mutant has revealed the involvement of this path- 
way for CRHB phosphorylation upon NGF-in- 
duction (Ginty el al.. 1994). Indeed, the 
involvement of a CRFB-kinase which could have 
characteristics similar lo pp90 ,Nk has been pro- 
posed (Fig. 1). pp9() rsk is likely to be responsible 
for CRHB phosphorylation in human melano- 
cytes (Bohm el al.. 1995). while ihe other mem- 
ber of the RSK family, p7(r"\ also possesses 
CRHB phosphorylation activity (de Grool el 
al., 1994). Thus, two different signalling path- 
ways may converge lo modulate gene ex- 
pression via the same transcriptional regulator, 
CRHB (Fig. I). Finally, CRHB has been shown 
lo be phosphorylated upon activalion of the 
stress pathway involving the p3X MAPKAP2 
kinases (Tan el aL 1996). 

The complexity of the signalling pathways con- 
trolling transcription factors is a demonstration 
of the pleiolropic functions played by these mol- 
ecules in the regulation of physiology and metab- 
olism. Here we will focus primarily on the targets 
of the cAMP-mediated transduction response 
and their function within the neuroendocrine re- 
sponse. 



2. Phosphorylation: a prerequisite for activation 

Intracellular levels of cAMP are regulated pri- 
marily by a deny ly I cyclase. This enzyme is. in 
turn, modulated by various extracellular stimuli 
mediated by receptors and their interaction with 
G proteins (McKnight et al., I9XX). The binding 
of a specific ligand to a receptor results in the ac- 
tivation or inhibition of the cAMP-dependent 
pathway, ultimately affecting the transcriptional 
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Eig. I. Cross-talk in signal transduction. Schematic representation of the route whereby ligands at the cell surface interact with 
membrane receptors (R) and thereby result in altered gene expression upon activation of the cAMP signal transduction pathway. 
Ligand binding activates coupled Ci-proteins |G) which, in turn, stimulate the activity of the membra ne-associa ted adenylyl cyclase 
(AC). This converts ATP to cAMP. which causes the dissociation of the inactive telrameric protein kinase A (PKA) complex into 
the active catalytic subunits and the regulatory subunits. Catalytic subunils <C> migrate into the nucleus, where they phosphorylate 
and thereby activate transcriptional activators such as CREB. CREB then interacts as a dimer with the cAMP response enhancer 
element (CRE) found in the promoters of several cAMP-responsive genes to activate transcription. CREB phosphorylation may be 
obtained also by. activation of the NGK (Nerve Growth Factor) tyrosine kinase receptor Trk. This pathway involves the Ras Raf 
signalling cascade and results in the activation of the RSK class of kinases. CREB can be phosphorylated at the same PKA-phos- 
phoacceptor site (Ser-133) by py() r>k . This phosphorylation event may result in the activation of eA MP- responsive gene expression 
via a cAMP-independent signalling cascade. 



regulation of various genes through distinct pro- 
moter-responsive sites. Increased cAMP levels 
directly affect the function of the letrameric pro- 
tein kinase A (PKA) complex. Binding of cAMP 
to two PKA regulatory subunits releases the cat- 
alytic subunits, enabling them to phosphorylate 
target proteins. These are translocated from cyto- 
plasmic and Golgi complex anchoring sites and 
phosphorylate a number of cytoplasmic and 
nuclear proteins on serines in the context X-Arg- 
Arg-X-Ser-X (McKnight el ah, 1988; RoesJer et 



aL 1988). A number of isoforms for both the 
regulatory and catalytic subunits have been ident- 
ified, suggesting a further level of complexity in 
this response (McKnight et al., 1988). In the 
nucleus, the phosphorylation state of transcrip- 
tion factors and related proteins appears to 
directly modulate their function and thus the ex- 
pression of cAMP-inducible genes. Thus, there is 
a direct link between the activation of G-coupled 
membrane receptors and CRE-mediated gene ex- 
pression. 



L 



18069302 



P. Sassone-Corsi j The International Journal of Biochemistry A Cell Biology 30 f I99Xj 27- 38 



30 

The analysis of regulatory sequences of several 
genes allowed the identification of promoter el- 
ements which mediate the transcriptional re- 
sponse to increased levels of intracellular cAMP 
(Lalli and Sassone-Corsi, 1994). A number of 
sequences have been identified, of which the best 
characterised is the CRE. A consensus CRE site 
constitutes an 8 bp palindromic sequence 
(TGACGTCA) (Sassone-Corsi, 1988; Ziff, 1990). 
Several genes which are regulated by a variety of 
endocrinological stimuli contain similar 
sequences in their promoter regions, although at 
different positions. A comparison of the CRE 
sequences identified to date, shows that the 5'- 
half of the palindrome, TGACG is the best con- 
served, differently from the 3' TCA motif 
(Sassone-Corsi, 1995). 

The first CRE-binding factor to be character- 
ised was CREB (CRE-binding protein; Hoeffler 
et al.. 1988) but subsequently several additional 
CRE-binding factors have been identified and the 
corresponding gene cloned. Most of the CRE- 
binding proteins were identified by screening a 
variety of cDNA expression libraries with CRE 
and ATF sites (Hai et al., 1989; Foulkes et al., 
1991). All these proteins belong to the bZip tran- 
scription factor class, while outside of the bZip 
region, sequence homology between these factors 
is relatively poor. Various different factors of the 
CREB/ ATF family are able to heterodimerize 
with each other but only in certain combinations. 
A "dimerization code" exists, which seems to be 
a property of the leucine zipper structure of each 
factor. 

CRE-binding proteins may act as both activa- 
tors and repressors of transcription. The activa- 
tors mediate transcriptional induction upon their 
phosphorylation by PKA (Gonzalez and 
Montminy, 1989; Rehfuss et al., 1991; de Groot 
et al., 1993; Sassone-Corsi, 1995). Their ex- 
pression is constitutive and widely distributed in 
various tissues in a housekeeping fashion. 
Among the repressors, the cAMP-inducible 
ICER (Inducible cAMP Early Repressor) pro- 
duct deserves special mention. It is generated 
from a cAMP-inducible alternative promoter of 
the CREM gene (Molina et al., 1993; Stehle et 
al., 1993). Thus, ICER is an early response CRE- 



binding factor and is involved in the dynamics of 
cAMP-responsive transcription (Lamas et al., 
1996). 



3. Interaction with CBP 

Further steps towards an understanding of the 
mechanism of action of the P- box have arisen 
with the identification of a 265 K, 2441 amino 
acid protein, CBP (CREB-binding protein) that 
is able to interact specifically with the phosphory- 
lated CREB P-box domain (Chrivia et al., 1993). 
The CBP sequence reveals two zinc finger 
domains, a glutamine-rich domain at its C-termi- 
nus and a single consensus PKA recognition site. 
Phosphorylation of Ser-133 promotes binding to 
CBP and consequently the interaction with 
TFIIB, a general transcription factor involved in 
RNA polymerase II activity (Kwok et al., 1994). 
Thus, CBP may act as a link between CREB and 
the transcription pre-initiation complex. This in- 
teraction may reqire some RNA polymerase II 
cofactors, such as TAFUO. Finally, the adeno- 
viral El A oncoprotein-associated p300, which is 
thought to play a role in preventing the cell cycle 
G0/G1 transition, is structurally very closely re- 
lated to CBP (Arany et al., 1995). Both CBP and 
p300 appear to have intrinsic activating proper- 
ties which are inhibited by. the EIA protein 
(Arany et al., 1995). Thus, it is clear that studies 
of the transcriptional activation domain of CRE- 
binding bZip factors continue to provide import- 
ant insights into the function of transcription fac- 
tors in general. 



4, Mechanisms of repression 

Dephosphorylation appears to represent a key 
mechanism in the negative regulation of CREB 
activation function. It has been proposed that a 
mechanism to explain the attenuation of CREB 
activity following induction by forskolin is 
dephosphorylation by specific phosphatases 
(Hagiwara et ah, 1992). After the initial burst of 
phosphorylation in response to cAMP, CREB is 
dephosphorylated in vivo by protein phosphatase- 
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1 (PP-I). However, the situation is more com- 
plex, since it has been shown that both PP-1 and 
PP-2A can dephosphorylate CREB in vitro 
(Nichols et al., 1992) resulting in an apparent 
decreased binding to low-affinity CRE sites in 
vitro. Therefore, the precise role of PP-I and PP- 
2A in the dephosphorylation of CREB remains 
to be determined. 

The discovery of the CREM gene opened a 
new dimension in the study of the transcriptional 
response to cAMP (Foulkes and Sassone-Corsi, 
1992). The dynamic and versatile pattern of 
CREM expression combined with its tissue- and 
developmental-specific pattern, contrasts with 
that of the remaining members of the CRE-bind- 
ing factor family, which seem to be constant and 
ubiquitous (Hai et al., 1989; Borrelli et al., 1992). 
These features offered the first clue that CREM 
occupied a priviliged position amongst this group 
of factors. 

Various studies have established that differen- 
tial transcript processing is central to the regu- 
lation of CREM expression. The importance of 
this mechanism is reinforced by the fact that all 
the CREM isoforms which incorporate the P-box 
exoris (Fig. 2) are generated from a GC-rich pro- 
moter (PI), which has been shown to behave as a 



housekeeping promoter directing a non-inducible 
pattern of expression (Molina et al., 1993; Stehle 
et al., 1993). 



5. An inducible repressor: ICER 

An alternative promoter lying within an intron 
near the 3' end of the CREM gene, directs the 
transcription of a truncated product, termed 
ICER (Inducible cAMP Early Repressor) 
(Molina et al., 1993; Stehle et al., 1993). The 
ICER open reading frame is constituted by the 
C-terminal segment of CREM (Fig. 2). The pre- 
dicted open reading frame encodes a small pro- 
tein of 120 amino acids with an expected 
molecular weight of 13.4 kDa. This protein, com- 
pared with the previously described CREM iso- 
forms, essentially consists of only the DNA- 
binding domain, which consists of the leucine 
zipper and basic region. The unique structure of 
ICER is suggestive of its function and makes it 
one of the smallest transcription factors ever 
described (Molina et al., 1993; Stehle et al;, 
1993). 

The intact DNA-binding domain directs 
specific ICER binding to a consensus CRE el- 



Housekeeping 
Promoter 



CREMx 



Activation Domain D oSmaU? in0 



i r 



P1 



r UTR 



ICER 



cAMP-mducible 
Promoter 




Fig. 2. Activators and repressors from the same gene. Schematic representation of the CREM gene. The various activator and 
repressor CREM isoforms are indicated. The PI promoter is CiC-rich and directs a non-inducible pattern of expression of the acti- 
vator. CREMt. which has a structure similar to CREB. The P2 promoter is strongly inducible by activation of the cAMP-depen- 
denl signalling pathway and directs the synthesis of the powerful repressor ICER. In germ cells the abundant CREMt transcript is 
polyadcnylaled at an alternative site which confers increased stability. Schematic representation of the .V untranslated region [X 
UTR). The three polyadenylation signals (polyA) are non-canonical and are indicated by a stem-loop; each AUUUA destabiliser is 
represented by a small square. Use of the testis-specific site generates a transcript with a truncated .V untranslated region and only 
one instability element. This transcript is intrinsically more stable. 
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ement. Importantly. K'KR is able to helcrodi- 
merizc with the other CRKM proteins and with 
CREB. ICER functions as a powerful repressor 
of eA MP- induced transcription in transfection 
assays using an extensive range of reporter plas- 
mids carrying individual CRE elements or 
cAMP-inducible promoter fragments (Molina et 
al.. 1993). Interestingly. ICER-medialed repres- 
sion is obtained at substoichiomelric concen- 
trations, similarly to the previously described 
CREM antagonists (Laoide et al., I993). ICER 
escapes from PKA-de pendent phosphorylation 
and thus constitutes a new category of CRE 
binding factor, for which the principle determi- 
nant of their activity is their intracellular concen- 
tration and not their degree of phosphorylation. 

The expression of ICER was first described in 
the pineal ghmd. where it is the subject of a dra- 
matic circadian pattern of expression (Stehle et 
ah, 1 993). Additional data implicate dynamic 
ICER expression as a general feature of neuro- 
endocrine systems (Lamas and Sassonc-Corsi, 
1996). An important feature about ICER is its 
inducibilily. This makes ICER the only CRE- 
binding protein whose function is physiologically 
regulated by altering its cellular concentration. 



6. CREM is an early response gene 

During studies of CREM expression within the 
neuroendocrine system, an unexpected new facet 
emerged: namely the transcription of the CREM 
gene is inducible by cAMP (Molina et al., 1993). 
Furthermore, the kinetics of this induction is that 
of an early response gene (Verma and Sassone- 
Corsi, 1987). This important finding further re- 
inforces the notion that CREM products play a 
fuleral role in the nuclear response to cAMP. 
since the expression of no other CRE-binding 
factor has been shown to be inducible to date. 
For example, the recently characterised CREB 
promoter is GC-rich and reminiscent of the pro- 
moters of constilu lively expressed, housekeeping 
genes (Meyer et al., 1993). Similarly, the promo- 
ter which directs expression of the other CREM 
isoforms (PI) is not cAMP inducible (Molina et 
aL 1993). 



Clues that the CREM gene was cAMP induci- 
ble first came from the demonstration that adre- 
nergic signals direct CREM transcription in the 
pineal gland (Stehle et al.. 1993). The inducibilily 
phenomenon was then characterised in detail in 
the pituitary corlicotroph cell line AlT2(). In 
unstimulated cells the level of CREM transcript 
is below the threshold of detectabilily. However, 
upon treatment with forskolin (or other cAMP 
analogs), within 30 min there is a rapid increase 
in CRE:M transcript levels, which peak after 2 h 
and then progressively decline to basal levels by 
5 h. This characteristic expression profile classifies 
CREM as an "early response gene" and thus 
directly implicates the cAMP pathway in the 
cell's early response for the lirst time. CREM 
inducibilily is specific for the cAMP pathway, 
since it is not inducible by TPA or dexametha- 
sone treatment (Molina el al.. 1993). 

The 5' end of the ICER clones correspond to 
an alternative transcription start site. The start of 
transcription, which identities the so-called P2 
promoter, is within the 10 kb intron which is C- 
terminal to the Q2 glutamine-rich domain exon. 
In contrast to the promoter which generates all 
the previously characterised CREM isoforms 
(PI) which is GC-rich and not inducible by 
cAMP (unpublished results), the P2 promoter 
has a normal A-T and G-C content and is 
strongly inducible by cAMP. It contains two 
pairs of closely spaced CRE elements organized 
in tandem, where the separation between each 
pair is only three nucleotides. These features 
make P2 unique amongst cAMP-regulated pro- 
moters and are suggestive of cooperative inter- 
actions among the factors binding to these sites. 



7. A negative autoregulatory loop 

Upon cotreatment with cycloheximide, the kin- 
etics of CREM gene induction by forskolin are 
altered in that there is a significant delay in the 
post-induction decrease in the transcript; elevated 
levels persist for as long as 12 h. This implicates 
a de novo synthesised factor which might down re- 
gulate CREM transcription (Molina et al., 1993). 
This observation, combined with the presence of 
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CRE elements in ihe P2 promoter, suggested that 
the transient nature of the inducibility could he 
due to ICER. Consistently, the CRE elements in 
the P2 promoter have been shown to bind to the 
ICER proteins. Detailed studies have demon- 
strated that the ICER promoter is indeed a target 
for ICER negative regulation (Molina et aL 
1 993; Lamas el aL 1996). Thus, there exists a 
negative autoregulatory mechanism controlling 
ICER expression. The CREM feedback loop pre- 
dicts the presence of a refractory inducibility 
period in the gene's transcription (see Fig. 3: 
Sassone-Corsi. 1994). 



8. Role of CREM in spermatogenesis 

CREM is a highly abundant transcript in adult 
testis, while in prepubertal animals it is expressed 
at very low levels. Thus, CREM is the subject of 
a developmental switch in expression in testis 



(Foulkes et aL 1992). Further charaterisation 
revealed that the abundant CREM transcript 
encodes the activator exclusively, while in prepu- 
bertal testis only the repressor forms were 
detected at low levels. Thus, the CREM develop- 
mental switch also constitutes a reversal of func- 
tion (Foulkes and Sassone-Corsi, 1992). 

Spermatogenesis is a process occurring in a 
precise and coordinated manner within the semi- 
niferous tubules (Jcgou. 1993). During this entire 
developmental process the germ cells are main- 
tained in intimate contact with the somatic 
Sertoli cells. As the spermatogonia mature, they 
move from the periphery towards the lumen of 
the tubule until the mature spermatozoa are con- 
ducted from the lumen to the collecting ducts. 

CREM activator protein is detected in mature 
germ cells, such as round spermatids, which have 
undergone meiosis (Dclmas et aL 1993). Thus, 
CREM transactivator function must be restricted 
to the late phase of transcription before the corn- 
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Fig. 3. Kinetics of CREM inducibility. After ihc induction phase, owing (o (he phosphorylation of the activators (i.e. CREB). ex- 
pression is attenuated by at least two mechanisms: (a) dephosphorylution of the activators: by some specific phosphatases: (b) nega- 
tive autoregulation by the de novo synlhesised ICER repressor on the P2 promoter (see ftfjg. 2) (Molina et al.. 1993: Sassone-Corsi. 
1994). 
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paction of ihe DNA. Interestingly, several genes 
have been identified which are transcribed at the 
time of appearance of the CREM protein and 
which include CRE-like sequences in their pro- 
moter regions. Several lines of evidence demon- 
strate that CREM constitutes the first step of a 
transcriptional cascade which is responsible for 
the activation of several germ-specific genes. To 
dale, at least three genes, RT7 (Delmas et al., 
1993). transition prolein-l (Kistler el al., 1994) 
and claspermin (Sun et al, 1995) have been 
shown to be targets of CREM-mediated transae- 
livalion in germ cells. Importantly, the dramatic 
increase in the levels of CREM protein correlates 
with its concomitant phosphorylation al serine 
117 by a cAMP-stimulaled PKA activity in 
round spermatid extracts (Delmas et al., 1993). 
Thus. CREM appears to participate in the testis- 
specific promoter activation of numerous hap- 
lo id-ex pressed genes (Sassone-Corsi. 1997). 

A remarkable aspect of the CREM develop- 
mental switch in germ cells is constituted by its 
exquisile hormonal regulation. The sperm ato- 
genic differentiation program is under the light 
control of the hypothalamic pituitary axis 
(Jegou. 1993). The regulation of CREM function 
in testis seems to be intricately linked to FSH, 
both al the level of the control of transcript pro- 
cessing and at the level of protein activity. For 
example, surgical removal of the pituitary gland 
leads to the loss of CREM expression in Ihe rat 
adult testis (Foulkes et al., 1993). Furthermore 
hypophysectomisation in prepubertal animals, 
prevents the switch in CREM expression a l the 
pachytene spermatocyte stage, thus implicating 
the pituitary directly in the maintenance of, as 
well as the switch to high levels of CREM ex- 
pression. Injections of FSH lead to a rapid and 
significant induction of the CREM transcript. 
The hormonal induction of CREM by FSH is 
not transcriptional, as expected by the house- 
keeping nature of the PI promoter. Instead, by a 
mechanism of aliernalive polyadenylation. 
AUUUA deslabiliser elements present in the 3' 
untranslated region of the gene are excluded, dra- 
matically increasing the stability of the CREM 
message (Fig. 2). CREM is the first example of a 
gene whose expression is modulated by a pitu- 



itary hormone during spermatogenesis (Foulkes 
et al., 1993). The implication of these findings is 
that hormones can regulate gene expression al 
the level of RNA processing and stability. 

To address the role of CREM in development 
and in physiological processes we generated 
mutant mice with a gene disrupted by homolo- 
gous recombination in mouse embryonic stem 
cells (Nantel et al., 1996). We constructed a tar- 
geting vector containing a CREM genomic frag- 
ment in which a portion of the 3'-lerminal exon 
encoding the DNA-binding domain was deleted 
and replaced by a PGK -neomycin cassette. The 
selection of the construct was dictated by the 
need to inactivate all the numerous CREM and 
ICER isoforms (Laoide el al.. 1993; Stehle et al., 
1993). Reduced fertility was observed in the 
breeding of the heterozygous mice. Comparison 
of the homozygous CREM-deficient mice with 
their normal littermates showed no macroscopic 
physical aberrations or reduction in body 
weight. Analysis of internal organs revealed no 
apparent changes in their structure as compared 
with wild-type mice. However, the testes of the 
CREM-deficient mice displayed a reduction of 
20-25% in their weight. Analysis of the semi- 
nal fluid of heterozygous mice compared with 
normal littermates demonstrated a 46% re- 
duction in the overall number of spermatozoa, 
a 35% decrease in the ratio of motile sperma- 
tozoa, and a 2-fold increase in the number of 
spermatozoa with aberrant structures. Most of 
the aberrant spermatozoa were characterized by 
a kink and bubble- 1 ike structure midway along 
the tail. Strikingly, analysis of the seminal fluid 
from homozygous CREM-deficient mice 
revealed a complete absence of spermatozoa. 
This result demonstrates a dramatic impaire- 
ment of spermatogenesis in the CREM-deficient 
mice. The homozygous female mice were fertile 
and displayed apparently normal ovary struc- 
ture. • 

To determine the nature of the sperm de- 
ficiency in the CREM-deficient mice, we per- 
formed a detailed anatomical analysis of the 
seminiferous epilhelium. Consecutive spermalo- 
genic cycles are classically depicted as waves of 
diirerentiating germ cells within each tubule 
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(Parvinen, 1993). In the mouse, each wave is 
divided inlo 12 stages, each representing a 
specific cellular association. Tubular segments 
containing poslmeiotic germ cells which 
undergo spermiogenesis appear as dark sections 
under transillumination because of the higher 
DNA compaction of these haploid cells 
(Parvinen. 1993). Tubuli from CREM-deficient 
mice display a 20-30% reduced diameter and 
completely lack the normal spermatogenic wave 
and the corresponding dark sections. Squash 
preparations from consecutive segments of the 
seminiferous epithelium demonstrate that sper- 
matogenesis in the CREM-deficient mice is 
interrupted at the stage of very early sperma- 
tids. Neither elongating spermatids, nor sperma- 
tozoa, are observed, while somatic Sertoli cells 
appear to be normal. 



9. Role of CREM in circadian rhythms 

Crucial elements for the synchronization of 
biological rhythms in mammals are the pineal 
gland (Tamarkin et al., 1985) and the suprachias- 
matic nucleus (SCN) (Moore, 1983). 
Environmental lighting conditions are transduced 
by the pineal gland from a neuronal to an endo- 
crine message, the rhythmic secretion of melato- 
nin (Tamarkin et al, 1985). This hormone 
synthesis is controlled by the SCN, being elev- 
ated at night and low during the day (Moore, 
1983). The cAMP-dependent signal transduction 
pathway serves as a relay to stimulate melatonin 
synthesis. Thus, from neuronal pathways which 
include the retina and the SCN, the pineal gland 
acts as a temporal regulator of the hypothala- 
mic -pituitary -gonadal axis (Tamarkin el al., 
1985). 

The study of CREM expression in the rat 
brain indicated a specific pattern of expression 
(Mellstrom et al., 1993). Analysis of CREM ex- 
pression in the pineal gland has revealed a dra- 
matic day -night regulation, with peak during the 
night. The CREM isoform in the pineal gland 
corresponds to ICER, the early response repres- 
sor known to be cAMP-inducible in endocrine 
cells (Stehle et al., 1993). The transcript shows a 
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very characteristic and reproducible kinetic of ex- 
pression. It appears likely that the autoregulatory 
loop shown to control ICER transient inducibil- 
ity would also play a role in the day -night cyclic 
expression in the pineal gland. 

The mechanism controlling this pattern of 
ICER expression was determined and found to 
require clock-distal elements. Indeed, it is known 
that at night, postganglionic fibers originating 
from the superior cervical ganglia (SCG) release 
norepinephrine, which in turn regulates melato- 
nin synthesis via adrenergic receptors. These ana- 
lyses have shown that signals from the SCN 
direct the induction of CREM expression (Stehle 
et al., 1993). 

The question of possible targets for downregu- 
lation by ICER in the gland is of particular inter- 
est. It has been proposed that a reasonable target 
could be the enzyme which catalyses the rate-lim- 
iting step of melatonin synthesis, namely A'-acetyl 
transferase (NAT) or factors which regulate its 
activity. Recent results indicate that this is indeed 
the case. The NAT promoter was shown to con- 
tain a CRE which binds ICER with high affinity. 
In addition, the amplitude of NAT oscillation in 
CREM-deficient mice was shown to be altered 
with respect to wild-type animals, demonstrating 
that NAT is a direct target of CREM (Foulkes et 
al., 1996). 

Another important finding concerning the 
role of CRE-binding factors in circadian 
rhythms concerns the cyclic phosphorylation of 
CREB in the suprachiasmatic nucleus (Ginty et 
al., 1993). During the night, upon light stimuli 
which phase-shift the clock, CREB appears to 
be efficiently phosphorylated by an SCN-en- 
dogenous kinase at the serine 133 residue. 
Phosphorylation at this site turns CREB into 
an activator and may be obtained by a number 
of kinases (Lalli and Sassone-Corsi, 1994). 
While the nature of the SCN-endogenous 
kinase has not been established, it seems likely 
that it could be PKA (Ginty et al., 1993). This 
result would suggest a key role for this kinase 
or of a counteracting phosphatase in the regu- 
lation of the clock function. The target genes 
for the activated CREB in the SCN have yet 
to be established. 
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10. Conclusions and perspectives 

The cAMP signal inmsduclion pathway plays 
a key role in many biological processes. In ihe 
mammalian neuroendocrine system, it is central 
to the coordination of hormonal function. cAMP 
directs changes in gene expression and thereby 
effects long-term modulation. A great diversity of 
cAMP responsive transcription factors, notably 
CREM. seems to be a hallmark of this system. 
Many issues still remain to be explored in deli- 
neating the means by which CRH-binding pro- 
teins regulate complex phenomena such as 
memory formation and establishment. However, 
the abundance of molecular tools now available 
should aid this task. By understanding the precise 
mode of action of cAMP we should gain a more 
general insight into the molecular architecture 
which underlies physiology. 
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We have stably transfected CHO cells that have integrated in their genome a reporter gene under 
the control of promoter sequences containing several copies of the cAMP response element, 
CRE, with different human adenosine receptors: Al, A2a and A2b. The new cell lines responded 
to the addition of known adenosine agonists and antagonists with changes in the expression of 
the reporter gene. The activity of the reporter gene can be easily monitored by bioluminescence. 
Although adenosine receptors are divergently coupled to adenylate cyclase, Al receptors inhibit 
whereas A2 stimulate, changes in gene expression faithfully reflected the negative and positive 
coupling of the receptors. We have used the system to examine the pharmacological profile of the 
human receptors expressed in CHO cells. C 1994 Academic Proa*, Inc. 



The regulatory actions of adenosine, an important cellular messenger that modulates neuronal 
activity, smooth muscle tone, renal renin release, platelet aggregation, and lymphocyte function, 
are mediated by the adenosine receptors (1-3). These receptors belong to the family of G protein 
coupled receptors and utilize adenylate cyclase as the effector system. On the basis of their op- 
posite action on adenylate cyclase the receptors were originally classified into two major classes, 
Al and A2. Activated A 1 receptors inhibit adenylate cyclase activity whereas A2 receptors stimu- 
late the activity of the enzyme. A2 receptors are further subdivided into high affinity, A2a, and 
low affinity, A2b, receptor subtypes. Al and A2 adenosine receptors also differ in primary 
sequence, tissue distribution, and binding affinities for synthetic adenosine analogues (3-5). 
Molecular biology has brought radical changes in the study of receptors. Cloned receptors have 
enabled a clear cut identification of distinct receptor subtypes and their expression in transfected 
cell lines provided a powerful tool for studying receptor functions, highlighting pharmacological 
differences between receptor subtypes, and designing new and more selective ligands (6). Cells 

* Corresponding author. FAX:(43)-l-80 105 683. 

Abbreviations: ADSPX, l~allyl-3,7-dimethyl-8-p-sulfophenyl-xanthine; AM, theophylline 
ethylenediarnine; CPA, N^-cyclopentyladenosine; CHA, N 6 -cyclohexyladenosine; CCPA, 
2-chloro-N 6 -cyclopentyladenosine; CPCA, 5'-(N-cyclopropyl)-carboxamidoadenosine; CPT, 
8-cyclopentyl-l,3-dimethylxantine; DMPX, 3,7-dimethyl-l-(2-propynyl) xantine; DPMA, N 6 - 
[2-(3,5'dimetoxyphenyl)-2-(2-methylphenyl)-ethyl]adenosine; DPMX, l,3-dipropyl-7-methyl- 
xanthine; DPX, l,3-diethyl-8-phenylxanthine; NECA, S-N-ethylcarboxamidoadenosine; 
PACPX, l,3-dipropyl-8-(2-amino-4-chlorophenyl)xan thine; R-PIA, N^.(2-phenylisopropyl)- 
adenosine; 8-PT, l,3-dimethyl-8-phenylxanthine XAC, xanthine amino congener. 
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expressing cloned receptors can be used in functional screenings based on a broad view of recep- 
tor function, rather than on competitive binding. Prototypical functional assays for receptors are 
based on monitoring activation of a signal transduction pathway at either end of the cascade, such 
as the accumulation of a second messenger or changes in gene expression (7). We report here the 
heterologous expression of Al and A2 adenosine receptors in CHO cells and their functional 
coupling, negative and positive, respectively, to adenylate cyclase as measured by a transcription 
assay. This assay is based on the induction of a reporter gene, luciferase, which has been fused 
to promoter sequences containing the regulatory cAMP response elements, CRE, recognized by 
transcription factors that are activated by the adenylate cyclase signal transduction pathway (8). 
The power of the assay is demonstrated by the distinct pharmacological profiles obtained for each 
receptor subtype. Furthermore, the assay is suitable to be used in automated screenings aimed at 
the development of ligands with greater selectivity for the different adenosine receptor subtypes. 



MATERIALS AND METHODS 

Plasmid constructions. The Satl-Xbal fragment containing the cDNA of the human Al 
a Sy^^KSF 02.*?* subc . loned ""o the Xhol-Xbd. site of the eukaryotic expression vector 
pAD-CMVl (10), which contains a dihydrofolate reductase (DHFR) minigene as a selectable 
marker. The resulting plasmid was named pWS1258E.. 

A Hindm-BamiU fragment containing the cDNA coding for the human adenosine A2a receptor 

(11) was inserted into the expression vector pAD-CMVl, resulting in plasmid pWS1253E. 
Insertion of a Pyull fragment containing the coding region of the human adenosine A2b receptor 

(12) into the EcoRl sue of pAD-CMV2 (9), yielded* plasmid pWS1247E. Plasmids used for 
transfections were purified using Quiagen columns (Diagen GmbH). 

Cell transfections. The reporter cell line CHO C6-13 (8) was transfected by electroporation 

with 20 ug of Fspl linearized plasmids pWS1258E, pWS1253E or pWS1247E, respectively 

and selected for DHFR expression in nucleotide free MEM a" medium supplemented with 10% 

&a SfSF an 1 ne °ray cin ^og 0-418 (700 ug/ml). Electroporation conditions 
were as described by Himmler et al. (8). 

Luciferase assays. 25x103 cells/well were seeded into 96-well microliter plates, light 
2?i£ B n^, (M,ci : ol " e ' Dynatech Laboratories Inc. Chantilly, VA), and incubated overnight at 
51 c. Cells were induced by the addition of adenosine agonists to either forskolin (2 uM) 
stimulated cells, iii the case of the Al receptor, or to unstimulated cells, in the case of the A2 
I^&i^n 4 m mCU . ba ^ n at 3 7 Cluciferase activity was measured in a 96-well luminometer 
model ML-IOOO (Dynatech) as described by Weyer et al. (13). For antagonistic studies, drugs 
were added to the cells prior to agonist stimulation. Data were fitted to a sigmoidal curve by non- 
linear regression analysis using the program GraphPAD (San Diego, CA). The agonists and 
antagonists tested were purchased from Research Biochemical Inc. (Natick MA) 



RESULTS AND DISCUSSION 
The opposite coupling of Al and A2 adenosine receptors to adenylate cyclase is well documented 
(1-5). We took advantage of the cAMP sensitivity of the CHO reporter cell line C6-13 to demon- 
strate that the negative and positive coupling of the Al and A2 receptors, respectively, to adeny- 
late cyclase, and thus the activation state of the receptor, could be easily and efficiently monitored 
by bioluminescence. The stably transfected reporter cell line CHO C6-13 has been derived from 
the DHFR-deficient Chinese hamster ovary cell line CHO-DXB11 by random integration of a 
reporter construct containing six CREs upstream a minimal 0-globin promoter (8). Stimulation of 
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adenylate cyclase with 20 nM forskolin in the reporter cell line results in 20 to 30-fold induction 
of luciferase activity (8). This reporter cell line was further transfected with the human adenosine 
Al, A2a and A2b receptors encoded in the expression plasmids pWS1258E, pWS1253E, 
pWS1247E, respectively. Clones expressing the various recombinant receptors were screened by 
measuring luciferase activity after induction with a selective ligand. Addition of adenosine (1 \Mi 
to forskolin stimulated cells was used to screen for the Al receptor, whereas addition of adeno- 
sine (1 mM) to unstimulated cells was used to screen for the A2 receptors. A total of 800 clones 
were tested, 400 for the Al, and 200 for each of the A2a and A2b adenosine receptors. Clones 
CHO/A1-B1835, CHO/A2a-llH and CHO/A2b-9/l 1 were selected on the bases of their best 
ligand-dependent modulation of luciferase activity. 

Functional characterization of the human Al receptor in CHO cells 
Cells stably transfected with the adenosine Al receptor responded to adenosine receptor agonists 
with a quantitative decrease in luciferase expression, an indication that the negative coupling to the 
endogenous Gi proteins is functionally operative. Fig. 1 A shows the dose-dependent inhibition 
by adenosine agonists of forskolin-induced luciferase activity in CHO-A1/B1835 cells. Addition 
of the Al specific ligands, CCPA, CPA and R-PIA, at 10" 5 M, resulted in 85-90% inhibition of 
forskolin-induced luciferase activity (EC50 values in the lower nanomolar range). Similar results 
were obtained when other Al specific agonists such as CHA were tested (results not shown). In 
contrast, addition of the A2a specific ligand, CGS21680 at 10" 5 M, resulted only in 60% inhibi- 
tion (EC50 in the micromolar range). The inhibitory effect on the nonselective ligand, NECA, is 
also shown since it has been instrumental in the distinction of the A2a and A2b receptor subtypes 
(see below). The rank order of potency for inhibition of forskolin stimulation of adenylate cyclase 




agonists [M] antagonists [M] 



Fie, 1 . Luciferase response curves for adenosine agonists and antagonists of forskolin-stimulated 
CHO cells stably transfected with the Al adenosine receptor. A, Inhibition of forskolin-stimulated 
luciferase activity by increasing concentrations of agonists (•, CCPA; ▲, R-PIA; ♦, NECA; ■» 
CGS; #, CPA). B. Inhibition of the agonist-induced response by increasing concentrations of 
antagonists (#, PACPX; A, DMPX; 8-PT; ■» AM; *, XAC; O, CTP). Antagonists were 
added prior to stimulation with 0.1 CCPA. Results are shown as percentage of maximal 
luciferase induction observed with 2pM forskolin. Data points represent the mean of quadruplicate 
determinations. Shown are the results of one of three independent experiments. 
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in the described system is: CCPA=CPA>R-PIA>NECA>CGS. The agonist dependent inhibition 
of luciferase activity on forskolin- stimulated cells could be reversed, in a dose-dependent manner, 
by treatment with different antagonists (Fig. IB). In the cases of potent Al selective antagonists, 
such as PACPX and XAC, luciferase expression was restored to the levels obtained by direct 
activation of adenylate cyclase with forskolin. In contrast, addition of the A2 specific antagonist, 
DMPX, had little effect on luciferase activity, which remained at the levels dictated by the agonist 
As certain xanthine derivatives are known to inhibit phosphodiesterase (PDE) activity, and thus to 
cause an increase in intracellular c AMP, we assayed all the antagonists used in this study for their 
ability to induce luciferase activity in the reporter cell line (no receptor). In most of the cases, we 
found no significant interference due to inhibitory effects on PDEs over the range of concentra- 
tions tested, 10" 4 to 10-9 m (results not shown). Some of these novel xanthines have been 
reported to be about 100-1000-fold more potent as adenosine receptor antagonists than as PDE 
inhibitors (14). However two Al selective antagonists, CTP and DPX, and DPMX, A2 selective; 
were able to induce luciferase expression when assayed at concentrations higher than 1 |iM. This 
effect is additive in the presence of the receptor, resulting in slightly inflated luciferase induction 
rates for the highest values of the dose-response curves (results for CTP shown in Fig. IB). DPX 
was found to be the strongest inhibitor of PDE when tested in our system. The order of potency 
for the antagonists shown in Fig. IB is: XAC>PACXC>CTP>8-PT>AM>DMPX. Thus, the de- 
duced potency order of the agonists and antagonists tested agrees with previously reported data 
for the human Al receptor obtained from tissue preparations (1, 3-4) and transfected CHO cells 
(9), based on classical binding assays. 

Functional characterization of human A2a and A2b receptors in CHO cells 

Cells stably transfected with adenosine A2 receptor expression constructs responded with a mea- 
surable induction of luciferase activity, upon stimulation with specific ligands. Fig 2A shows the 
dose-dependent response of CHO/A2a-UH cells to several adenosine agonists. The highest 
induction of luciferase expression was obtained with the A2a selective agonist CGS21680 (EC50 
in the low nanomolar range) and the lowest with CCPA, Al selective. Adenosine was the least 
potent ligand tested (results not shown). The relative potencies for the agonists are: CGS21680> 
R-PIA=NECA>CCPA. Agonist induced luciferase expression could be blocked in a dose-depen- 
dent manner by addition of known adenosine antagonists (Fig. 2B). The rank order of potency 
for the antagonists tested is: DMPX>AM>ADSPX>DPMX. 

A similar set of experiments was carried out with cells stably transfected with the low affinity 
receptor subtype, CHO/A2b-9/ll. The results obtained are shown in Fig. 3 A and 3B. Agonist- 
activated A2b receptors induced luciferase expression with the potency order of CPCA>NECA> 
R-PIA==CCPA>CGS21680. More significantly, the response of the CHO/A2b-9/l 1 cell line to the 
A2a receptor selective agonists CGS21680 in terms of luciferase activity, is about 1000-fold less 
than that of the CHO/A2a-Hll cell line (Fig. 2A), and the response to NECA 100 fold-less. In 
contrast, no marked differences were found for the antagonists; a result that merely reflects the 
fact that no A2 selective antagonists have yet been identified (3). Thus, agonists and antagonists 
induced luciferase activity with an order of potency consistent with published data for the human 
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agonists [M] antagonists [M] 



Fig, 2, Luciferase response curves for adenosine agonists and antagonists in CHO ceils stably 
transfected with the A2a adenosine receptor. A. Induction of luciferase activity by increasing 
concentrations of agonists (•, CCPA; A, R-PIA; NECA; ■, CGS). B. Inhibition of agonist- 
induced luciferase activity by increasing concentrations of antagonists (•, DPMX; ADSPX; 

DMPX; AM). Antagonists were added prior to stimulation with 1 mM adenosine. Results 
are shown as percentage of maximal luciferase inducdon and reported as described in Fig. 1. 



A2a and A2b adenosine receptors obtained from tissue preparations and from stably transfected 
cell lines (11-12). 

Conclusions 

Stable expression of cloned receptors in mammalian host cell lines is becoming the method of 
choice in the study of receptor function and the search for novel ligands. Clonal cells expressing a 





agonists [M] 



antagonists [M] 



Fig, 3. Luciferase response curves for adenosine agonists and antagonists in CHO cells stably 
transfected with the A2b adenosine receptor. A. Induction of luciferase activity by increasing 
concentrations of agonists CCPA; R-PIA; NECA; ■, CGS; * ( CPCA) B. Inhibition 
of agonist-induced luciferase activity by increasing concentrations of antagonists DPMX; A, 
ADSPX; DMPX; ■, AM). Antagonists were added prior to stimulation with 1 mM adenosine. 
Results are shown as percentage of maximal induction and reported as described in Fig. 1 . 
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particular receptor, or receptor subtype, have been used for the pharmacological analysis of 
receptor agonists and antagonists by ligand binding and effector modulation assays (9, 11-12). 
Binding assays, however, are riot functional assays. High affinity binding does not necessarily 
correlate with eliciting a functional effect, thus with productive binding. Furthermore, non- 
competitive or allosteric effectors cannot be detected Effector modulation assays better reflect 
function, but generally require cumbersome procedures for measuring parameters such as cAMP 
accumulation, IP3 turnover, intracellular Ca 2+ concentration, or electrophysiological changes (7). 
A recent improvement in the area of functional receptor assays has been the development of 
transcription assays based on the expression of a reporter gene placed under the control of DNA 
regulatory sequences activated upon ligand binding (8,13). We report here the pharmacological 
profile of the Al, A2a, and A2b, adenosine receptors derived from this type of assay. Induction 
of luciferase expression by known adenosine receptor agonists and antagonists occurred with a 
rank order of potency and affinity characteristics of each receptor. Cells transfected with the Al 
receptor respond very modestly to stimulation with the A2a selective ligand CGS21680, and vice 
versa; cells transfected with the A2a and A2b receptor, elicit a week response upon stimulation 
with the A 1 specific ligands CCPA. Our system, thus could greatly facilitate the search for new 
ligands in general, and the search for A2 selective antagonists (3) or the missing A2b specific 
ligand (12), in particular. As growing evidence points to the existence of Al receptor subtypes (3- 
4), the CHO/A1-B1835 cell line provides a system to start addressing this question. 
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